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SUMMARY

_ This report documents the technical effort on Contract
¥30602-Th-C-0242., Tt presents the results of an investigation
of re@l tife; rnonsampling, Same-Frequency Repeater (SFR) concer<s

Voo 3

for varions types of analog and digital signals using coherent
interference cancellation techniques.

The report presents an analytical investigation of the
transmitter~to-receiver isolation achlevable with a multichannel
interference cancellation system (ICS) when the repeater is used
with a finite bandwidth antenna in an environment which includes
random ground clutter and Specular reflectors. Results of an
investigation for obtaining high linearity in the interference
canceller for low intermodulation generation in the SFR are also
summarilzed.

A design for a Same~Frequency Repeater breadboard model
1s presented that incorporates the multichannel interference
cancellation system. The breadboard operates at 291 MHz wilth
a bandwidth of 100 kHz and allows forward gain up to 120 4B to
be tested. The minimum input signal level 1s -90 dBm, with a
dyramlc range of 60 dB, for which the repeater wlll generate a
1 watt output using an AGC.

Experimental results are presented which verify the
design concepts on which the SFR breadboard i1s predicated. They
also show areas where further work is needed to utilize the full
forward gain potential of the breadboard. These areas include
elimination of stray coupling problems between the SFR trans-
mitter and receiver, and modification to the multichannel ICS
which will allow it to operate effectively with a 100 kHz wide
slgnal. 1In the present configuration, forward gains up to 67 dB
have been measured in the laboratory. With the incorporation of
the suggested modifications, forward galn capability in excess
of 102 dB 1is anticipated. Further performance refinements may
then be possible to push the forward gain capability to 120 4B.




SECTION I

INTRODUCTION

This report documents the technical effort on Contract
F30602-74~-C-0242., It presents the results of an investigation
of real time, nonsampling, Same-Frequency Repeater (SFR) con-
cepts for various types of analog and digital signals using
coherent interference cancellation techniques.,

The analytical results presented here will develop the
concept of a pllot-directed multichannel notch filter interfer-
éenice cancellation system (ICS) to provide isolation between the
repeater transmitter and its receiver. The isolation capability
of the ICS will be analyzed to determine the effects of signal
returns from the SFR antenna, from specular reflectors, and from
distributed ground clutter. The results will be given as func-
tlons of signal bandwidth and carrier frequency as well as other
design parameters of the ICS.

Results of a hardware investigation of approaches for
obtainlng low signal distortion 1n the ICS complex weights will
also be presented. Inband distortion products generated in the
weights cannot be cancelled, and thus form a lower iimit on the
achievable ICS cancellation residue.

An SFR breadboard design will be presented which incor-
porates a pilot-directed three-channel notch filter ICS to pro-
vide the transmitter-to-receiver isolation. The breadboard 1s
designed to operate at 291 MHz with a 100 kHz bandwidth, providing
a 1 watt output with the capability for testing forward gain up
to 120 4dB.

Experimental results will be presented which verify the
design concepts on whioch the SFR breadboard is predicated. They
also show areas where further work is needed to utilize the full
forward gain potentlal of the breadboard. The areas requiring
further work will be discussed in some detail,

_I o O vt i oo
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PRECEDING PNSEfgLANKnNOT FIUWED

SECTION II - .

MULTICHANNEL NOTCH FILTER ICS

1. MULTICHANNEL ICS ANALYSIS

In this section the concept of a multicharnel notch-
filter ICS is developed in subsection a. In subssetleon b, a de-
talled analysis is performed to determine the performance of a
one-channel and a two-channel ICS under general transmitter-to-
recelver :oupling conditions. These analytical results are ap-

plied to the case of reflecting terrain in subsection ¢ and to the

care of antenna reflections in subsection d. S8ubsection e pre-
sents numerilcal examples uslng the analytical results. Subsec-
tion f presents a discuss of the resuits —- thelr implicatiens
and their extensions.

The purposc of the ICS in the SFR design 1s to cancel
signals at the receiver input that emanate from the SFR trans-
mitter. The signals from the transmitter are coupled to the
recelver through a number of different coupling paths, including
leakage through the antenna coupler, reflection from the antenna,
and reflection Prom the surrounding terrain. A single channel
ICS, showr 1in F.gure 1, uses a complex (amplitude and phase)
welght to duplicate as well as possible the amplitude and phase
of the composite coupling path.

Because the coupling paths have frequency.-dependent
transfer. fu.ctishe (&.g., | Ehe antenna, reflected r2turns with
delay due-to propagation distance), the amplitude and phase set-
ting 1s precise at only one frequency. Thus, perfect cancella-
tion 1s possible at only one frequency. Broadband signals are
cancelled well at band center, and progressively worse toward
the band edges. This effect places a bardwidth limitation on
achlevable cancellation which may be qulte severe for a single-
channel ICS. 'As an illustration, Figure 2 shows the achievable
cancellatlon ratio with a single-channel ICS used in a two-
element adaptive array [1], where the antenna spacing produces

(1] Abrams, B.3., et al, "Interference Cancellation," General
Atronics Rpt 232&—2626—15, preparei for Rome Air Development
Center under Contract F30602-72-C-0459, August 1973,

[2] Rosenberg, J.R., E.J. Thomas, "Psrformance of an Adaptive
Echo Canceller Cperating in a Nolsy, Lin:ar, Time-Invariant
Environment," BSTJ, vol. 50,no. 35 MoPels 1971, phbw F785~813.

[3] Sandhi, M.M., "An Adaptive Echo Canceller," BSEY, wel. U,
no. 3, March 1967, pp. 497-511. i

[4] Becker,F.K., H.R. Rudin, "Application of Automatic Transyer-
sal Filters to the Problem of Echo Suppression;' BSTJ; vol. 4s5,
no. 12, December 1966, pp. 1847-1850.

[5] 8andhi, Melo, &.J, Presti, "A Self-Adaptive Echo Canceller,"
BSTJ, vol. 45, no. 12, December 1966, pp. 1851<1854,

-

2




¥3AI3D23d

S3I T3NNVHIO-3TONIS
1 33NndI14

01 LReino %

LINMD
TO¥LINOD

1HOI3M

=~  1INdNI

o ..__..lll-.;xa

HWILLIWSNYHEL
WO¥d LNdN!I

v

“IHOIIM

X31dW03D AINIHI43H

—

IYNSIS ¥3LLIWSNYYL 031d4N0D
SNd TYN2IS J3ATI3D3d 43d¥1s3d

YNNILNY

xmam:nu_

/1N :

‘N———,n—w




CZH NI) d3WWYPM 3SION 3OVHHVE 40 HLOIMCNVYHE
cnﬂ mmﬂ
L]

01
05-

(WNHL1D3dS YVINONVYLIIYE) SONIIVIS WNNILNY
SNOIYUVA ¥O4 KLIQIMONYE IINI¥ISYILINI
SA OIlVY¥ NOILVI13ONVYD 3781SS0d4 1538

¢ 3¥NOI4

1
o
(9]

{

vel+

‘01LvVY NOILVI130hY)

(8a) 3

TR




117ds

IVYNSIS
d30UA3
d001
TO¥LNOD

¥3A13D03

AVM-N

SOI A3NNVHIILINW Tv¥3IN3O

£ 3AN914

LINN

.

YINIEWOD

01 1nd1noE

SJ1

{

1 Xx37dW0>

TO¥LINOD
1HST13IM

M 1H913M

1H913M

AJDNIND3I Y4

(mNN
YYOML3IN
INIdVHS

X3NVdW0D

ADNINDI U4

(M IN
XYOML3N

INIJVHS

YILLIIWSNVYYL

WOY 4 kﬁmzm

[

117dS
AVM-N

4314N0J

VNN3ILNY

oy

N

-

st g O

o et a7

T ——

g



a delay (trequency-dependent phase shift) between the two ICS
Inputs.

Multichannel ICS configurations have been used to pro-
vide good broadband czancellation performance. The structure of
the multichannel ICS used in the SFR 1s given in Figure 3. Each
welght 1s preceded by a frequency shaping network, and generally
each network 1s unique. This general structurc¢ has been used
for wireline echo cancellers [2,5,4,5] where the frequency
shaping networks were ones whose impulse responses are elements
of an orthono.mal set. Specific implementations ws=d delay lines
and Laguerre networks. Delay line implementations have also been
studied for both electromegnetic [6] and acoustic [7] adaptive
arrays.

For analysis purposes, the multichannel ICS in the SFR
may be modelled in the following manner. Let us define a frequen~
cy-dependent transfer function He{w) to represent the undesired
coupling from transmitter output to receiver input. The N channels
of the ICS provide a second transfer function between transmitter
and receiver which, from Figure 3, may be written as

N
Hylw) = | WiN, (0) 1y

The model is =hown dlagrammatically in Figure 4. The transmittep
wavelorm 1s assumed to have a Fourier transform repreccnted by
S7(w), and SR(w) is used to represent the Fourier transform of
the ICS output to the receiver.

As shown 1in the figure, we define the N-Channel ICS
transmitter-to-receiver isolation ratio as the ratio of the energy
gclng into che recelver to the energy coming from the transmitter.

L) Isg(w)|%aw
0
(R/T), & o el
Y LS () 20
™0 T

fOIST(w)|2|HC(w)+HN(w)|2dm
: = (2)
f IST(UJ)IQdUJ :
0

The best ICS performance 1is obtained when (R/T)yN is minimized,
which 13 accomplished by allowing the weights Wi to be adjusted
so that Hy(w) matches -Hp(w) as closely as possible. Ho(w) may be
slowly varying with respect to the transmitted wavoform, but it

[6] Widrow, B., et al, "Adaptive Antenna Systems," Froc TR
vol. 55, no. 12; Degember 1967, pb. 2143-2159,
[ 7] Beyn, P, "Rt Signal Processing of Three-Dimensional
Arrays Operating on Jausslan Signals and Noise," J Acous Soc
Am, - vol SU S NSEeh 1H62,) Bha Se9=e 0%
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will be presumed that Hy(w) will have similar compensating varila-
tions by adaptively controlled the weight values Ws.

a. Choice of Frequency Shaping Networks

In order to determine the set of network functions
{Ni1(w)} to be used in the multichannel ICS, let us first consider
a slngle-channel ICS in which

Nl(w) =1 &)

That 1is, the network Nj(w) 1is not frequency-dependent. We will
now examine the isolation ratio (R/T); when Sm(w) 1s a flat band-
= limited spectrum in an environment—which=consists cf a single
reflector removed from the repeater by a delay 1. Trus, we let
P <
s (m)|2 " {PO rae. |\ wol B o
L 0 81 sevwheEre

where fg = wg/2m is the carrier frequency of the transmitted sig-
nal and B 1s its bandwidth. The coupling function is
_w’[ -
Hc(w) = aej¢e J (5)

where a represents the gain of the coupling path, ¢ its phase
shift, and T 1ts delay. Using (L), (8), (¥) &nd (5) 1 (2) Flves

(R/T); = s5ox [ 0 Jaed®e™9%Tu |%aw (6)

]

When 7Bt ls small, the ICS ldenllly Wikl cause Wi.'to adapt
to the solution

-Jwat
Wy = -aed¥e ~ O (1)
which, when applied to (6) results in
2 wpxtTB ~jJ(w=ws)T
o b ) 0 2 \
(R/T);, = =g if | 1= | “dw (8)
wo-ﬂB
Integrating (8) gives
= 2 sinmBt
(R/T)l = 2a°[1 - o ]
= 2% (1B1)%/3 for |mBT| << 1 (9)

It is clear from (9) that high 1solation with a large
requires that tre product mBt be small, so that we will concen-
trate our attention on that condition. It 1s important to note
that the approximate result given in (9) for small Bt would
have been achieved if the integrand in (8) had been approximated
by the first term of 1its Taylor series expansion, i.e., approxi-
mating -3(w~m0)1
l-e £ J(w-wo)T (10)

11
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Thus, the voltage spectrum of the single-channel ICS residue 1s
dominated by a term linear in frequency, passing through zero at
wW=wWQo .

We now consider the addition of a second channel to
the ICS. If the first channel leaves a resldue whose dominant
spectral term is proportional to (u-wg), it is intuitively felt
that makin;;, the frequency shaping network Npo(w) for the second
channel have the same characteristic will allow it to be most
effective in improving the isolation. Thus, we make

(w-wo )

- (11)

' Ny(w) = J
B

which may be approximated by a single resonant stage notch fil-
ter centered at fg = wy/2m with 3 dB bandwidth By = wp/m, for

B<<By.
Usiag €10, (3), (BY, (8) emd (Li) #n. () Elves
wA+TB (w=-wn)
1 0 -Jwt ; 0’,2
(R/T)q = '2',"_B‘ |aej¢e Jw +W1+Jw2——r—| dw
wo—ﬂB B
w~+TB J(d-w,T) =J(w-wn)T (w=wgn)
= she [ O ae Ying 0T & +JW ————g—|2dw
2mB B ath 1 2 wp
0 (12)
For pBtk<l, we can expand
~J (w-wg)1 5 2
e = l-J(w-mo)T-(w-mo) /2 (13)
Then, if the ICS adapts 1its weights to
J($-wyT)
wl = -ge
j(¢-w0T)
W, = awgre (14)

we have a residue whose voltage spectrum 1is parabolic about wg.
The 1isolation is given by

2.2
2 wa+mB (w-ws)°T
(R/T), = 525 [ 0 [———1%w
wo-nB
= a2(ﬂBT)u/20 for [nBtk<1 (15)

By comparing (9) with (15) we see that the isolation afforded by
the two-channel ICS improves thatzavailable from the single-
eharinel ICS by a factor of 3(mBx)=7/20.

1@
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By extrapolating the above arguments for additional

channels, 1t becomes evident that the i-th channel should have
a frequency shaping network of the form

(w=w,)
Ny (w) = [§—2npt7d

)

(16)

which may be approximated by a cascade of 1-1 identical notch

filters with isolation between them.

notch-filter ICS will have an isolation rati
of ( B )2N., A block dlagram of an N-chanunel notch filter ICS is

glven 1in Figure 5.

b. Detalled Analysis of Two-Channel Notch Filter ICS

(1) Problem Formulation

For nBt<<1l, an N-channel
o (R/TOi . ef She opder

The obJective of this analysis 1s to determine the

transmitter-to-receiver isolation that can be provided by a two-
channel ICS uslng the notch filter technique heuristically
described in Section II.l.a. The analytical model adopted for
this performance evaluation is shown in Flgure 6.

All slgnals

shown are complex envelope representations with respect to a

selected center frequency fg of corresponding bandpass signals.

Thus, x(t) is the input from the transmitter, x1 (t) and xp(t)

are the ICS reference channel inputs, and r(t) is the ICS output
to the recelver. For this analysis the transmitter-to-receiver

coupling channel is considered to be a linear time-invariant

system with a lowpass equivalent transfer function Hg (f).

Finally, N(f) and HL(f) are the lowpass equivalent transfer

functions of the notch filter and the integrating filters

utilized in the weight control units.

The initial step in the system analysis is to obtain

the differential equations describing the operation of the con-

trol loops. From Filgure 6, the time-varying complex weights

W1(t) and Wp(t) must satisfy the set of simultaneous differential

equations
Tiﬂl + W, = —G.x¥(t)r(t)
it 1 R
Tgﬂ% + W, = ~C.xX(t)r(t)
at 0 2X3

where the receiver ocutput is

r(6) = y(E)+W) (£)xy () + Wy(t)x,(t)

G1 and Gy are the voltage gains of the control loop amplifiers,

(17)

(18)

and T 1s the tlme constant of the loop filters, and xj(t) and

x2(t) are linearly related to x(t) as shown in Figure 6.
substituting (18) into (17), the system differential equations

are found to be
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COUPLING CHANNEL

He (£
y(t)
x,(t) W, (t)x,(t)
1 < 1 1
x(t) o }{/h\ﬁ %/)ﬁ\’ 0
INPUT \7(/
FROM wl(t)
TRANSMITTER
LoOP
FILTER
—Glx{(t)r(t)
r(t)
NOTCH
FILTER
Wa Gt D ACED
NCE) Lrsd
|
LOOP
FILTER
~6,x3§(tdr(t)
r(t)
Ho (f) = :
5 L (1+j2n T)

r(s) = y(t)+wl(t)xl(t)+w2(t)x2(t)

FIGURE 6
MODEL FOR THE ANALYSIS OF THE TWO-CHANNEL NOTCH FILTER ICS

r(t)
OUTPUT

TO
RECEIVER




dW1

Tgee * (1461 g (0) 1200y + 6 xd(6)x, (6)W,

=G x¥(t)y(t) (19a)

aw,, 5
Ty t Gox3(t)xq(t)W, + [1+G2|x2(t)| W,

~G,x8(t)y(t) (198

In the analysis to be performed, x(t) 1is assumed to Le
a Zero-mean complex Gaussian stationary random process with
power spectrum Sx(f). It then follows that Z (6 54%3 (0) ad
y(t) are zero-mean complex Gaussian jointly stationary processes.
The system is described by a set of stochastic differential
equations with solutions that are random processes and, conse-
quently, require a statistical description.

To begin this characterization, 1t is desired to evalu-
ate the expected values of the weights; these shall be dencted
as )

Wy (t) = E{w, (¢)} RS P (20)

Sinés Wy (v} &End Wo(t) satisfy (in the mean-square sense) the set
(19a) and (19b), it must follow that

daw

E{Tagl o [1+G1|x1(t)|2]w1 G xF()x,(0)W,} = -G E{x¥(£)y(t))
(Zla )
o 2
E{TEE— + szg(t)xl(t)w1 + [1+G2|x2(t)| ]w2} = -G2E{X§(t)y(t)}
(21b)
and consequently,
TWl(t)+E{[1+Gl|x1(t)|2]w1(t)} + GlE{x{(t)xz(t)wz(t)} =
: = -G, E{x}(t)y ()} (z2a)
T, (£)4G,E{x8(6)x) ()W ()} + E{[14G,|x, () |2, (8)} =
= -G2E{x§(t)y(t)} (22b)
To proceed further, first observe that
E{L14G, |x, (£)[2TW; (6)} = W (t) + GE{Ix, (6) [%W ()} (23)

Next, Invoke the assumption that, for any value of £ |x1(t)|2
“and W1 (t) are uncorrelated random variablesy thas 135,

E{[xy (6) %Wy (0)} = E{|x, (£) |2} {W, (5)}

By this assumption, (23) becomes

16
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B{L14G) [xg (0) [Ty (6)} = (146 E{ |x, (£) ]2} 37, (5) (24)

If a similar procedure is carried out for the remalining terms in
(22a) and (22b) it 1is found that Wi(t) and Wo(t) must satisfy the
differential equations

2

TWl(t)+[1+GlE{|x1(t)|"}]Wl(t) + Glﬁ{xf(t)x?(t)}wg(t) =
. = -ulﬁ{xf(t)y(t)} (25a)
TWé(t)+G2E{x§(t)xl(t)}Wi(t) + [1+G2E{|x2(t)|2}]W2(t) =
= ~GE{x3(t)y(t)} (25b)
Equations (25a) and (25b) can 2lso be written in matrix
form as v i - )
W(t) = AW(t) + BV (26)
where W(t) 1s the column vector.
N Wx(t)
W(t) =1 _ (27a)
W, (t)

A and B are the matrices
(1+61E{|x) (£)| %)) Gy E{x¥(£)x,(t)}

A = _% X A (27b)
GoE{x8(t)x, ()} (1+G,EL [ x,(£)[“})
-G 0
B=g| ! (27¢)
X0 —G2
and V 1s the column vector
ey E{xf(t)Y(t)}
il | = (27a)
E{xg(t)y(t)}

Notice that A and V do not vary with time since G OBl 5 Y
and y(t) are Jjointly stationary processes.

The selution to'(27) 48 given by [B]

t
W(t) = e*Woy + [ AE"T)ET ar  ospcw (28)
0

where W(0) is the mean value of the weight vector at t=0. In
addition, 1f all eigenvalues of A have negative real parts, the

[8] DeRusso, P.M., R.J. Roy, C.M. Close, State Variables for
Engineers, John Wiley and Sons, 1967, pp. 358-360.
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expected value of the welght vector approaches a finite 1limit
W = 1im W(t) = -Aa"1B¥ (29;

t 9w

Uslng (27) and (29) 1t 1s found tha: the steady state value of
the mean weight vector i1s

Bl é _1
b 146K -G, K -G, L
) T Vgt 171
(1+G, K 1) (146G ,K, ) =G G, K, JKoy o 1+6.- % b8
2%21 ESeali e 2
30)
where Ki, = E{|x (t)lz} |
1ol &
Ky = E{x$(t)x,(8)} (31)
Kyq = E{xg(t)xl(t)}
2
Ko = E{|x,(8) ¢}
and { }
L, = E{x¥(t)y(t)
By 1 (32)

o
no
"

E{x%(t)y(t)]}

Notice that Kyp 1s the covariance of Xxm(t) and xpn(t), the m-th
and n-th reference inputs, while Li 1s the covariance of the
1-th reference x4(t) and the interference y(t) present at the
ICS input from the antenna. 1In addition, Kpyn 1s the (m,n)-th
element of the covariance matrix

* .
K = E{X X7} (33)
where X 1s the column vector of reference inputs x. = By B )XBE ) 1.

The covariances required to evaluate (30) can be found
Oy {irst observing that Kil(t), x2(t) and y(t) are the outputs c°
£ S

e stem shown in Figure 7, Application of the results developed
n 0 for the system shown in Figure 8 then ylelds
o0
%
Kyq = E{le(t)l } = {msx(f) df (34a)
o0
- * = J
Kio = Elx,(0)x¥(8)} = N(£)S (f) df (34b)

- 00

[9) Fepouliss @iy Probability, Random Variables, and Stochastic
Frocesses, McGraw-H11ll Book o < § WIBS [ Spe: 2HDO=353 .
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st e g AT

M) =06 COUPLED INTERFERENCE

P

x(t) O——@—o N(f)
TRANSMIT
SIGNAL

Oxg(t) REFERENCE CHANNEL #2

ST S ——

1 C xl(t) REFERENCE CHANNEL #1

FIGURE 7

SYSTEM REPRESENTATION FOR THE COUPLED INTERFERENCE
AND REFERENCE CHANNEL INPUTS

] (D) ——oyy(t)

I.___Hl(f) «——-———oyl(’c)

FIGURE ¢&
A GENERAL SINGLE INPUT M-OUTPUT LINEAR SYSTEM
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Koy = E{x, (t)x8(t)} = K, (3hc)

Kyp = E{Ixz(t)la} = {ZIN(f)lzsx(f) af (344)
and '

Ly = Evy(t)x¥(t)} = f:Hc(f)Sx(f) df (33e)

L, = E{y(£)xi(t)} = f:Hc(f)N*(f)Sx(f) ar (356)

The combination of (34), (35)
for the steady state limit of
weight.

and (30) then yields the soclution
the expected value of each complex

With a long integration time in the loop fllters of

Flgure 6, the weight values are well
from Equation (1)

values [10]. Then,

approximated by their mearn
» the mean welght values

determine an ICS transfer function, which, for the two-channel

ICS, 1is given by

Hy(f) = Wi + W2N(f)

(36)

The composite transmitter-to-receiver transfer function 1is then
Hpo(f) = Ho (£)+Ho (F), allowing the transmitter-to-receiver iso-

latlon to be written as

- EUr(e)[%) _ -

[+ 0]

fwsx(f)ch(f)+H2(f)l2 ar

(R/T)

The evaluation of

E{|x(t)|°} ft

(37) will be carried out based
the following three assumptions.

/ 8 CT) ar

| 8,(£)|Hgp(0) |2ar
e (37)

/ S, (f)df

- OO

upon
First, the equivalent lowpass

transfer function of the noteh fillter 1s of the form

(1-a)

= = sas RN
fc = EN/Z
[10] Brennan, ey 2% gl "Control-Loop Noise in Adaptive
Array Antennas," IEEE Trans AES, vol. AES-7, no. 2, March

1978y D~ 2BH=262,

)
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In (38), the parameter a = N(0) is a measure of the center fre-
quency transmlssion of the notch filter (-20 loga 1s the "notch
depth" 1In dB), and f, = By/2, where By 1s the 3 dB width of the
notch filter stopband wlith a=0. The second ascsumption made is
that the channel transfer function Hqo(f) can be represented as
an M-th degree polvnomial in f over a specified interval (-B/2,
B/2)«

M

M
H (f) = ] ¢ " = ¢ #C £ |f|sB/2 (39)

P o 66
m=0 X

9% 1 M

The final assumption invoked is tha“ the power spectrum of x(t)
is bandlimited, wiih bandwidth B, and constant over the interal
|f] € B/2 defined in (39); consequently, Sx(f) can be written as

o
= |t] & B/2
S ) = (40)

i elsewhere

From (37) and (40),

Br e
(R/T), = 1 IB/2|H02<f>ﬁif (41)

To complete the evaluation of (R/T)» it 1is necessary to evaluate
W1 and Wp using (30), (34), (35) and the notch filter and channel
transfer .unctlons (36) and (39). The compos:te transfer function
He(f7*Hpf) 1s then found and substituted into (41).

(2) Evaluation of the Steady State Weights

The covariance matrix entries of (34) are found as
follows. First observe that

(Lol =3 £/ T )

(1-a)
N(f) =L = = ] -
[ IR RO 2
c 1+(f/fc)
£/1
= g & (1—0.) 5 + J(l—a) S C 5 (UZ)
1+(£/£ )" 1+(£/f)
and
| Y L (143272 )= (1=a) | af+(£/1,)°
N(f) = =
143275 |8 1+(£/1,)°
2
=1 - ) (43)
[14(£/£,)°]
21




Using (34), (40),

(42) and (43), the Ky, are found to be

IB/2 PO
Ky, = == df = P
PR . 0
] ] PO B/2 kil
p = 52 [ 1 - ==ty ar
-B/2 1+(f/1,)
2P
o R B R =3 B_
= [2 (1 a)ictan (§T;)]
B
= Pyl1-(1-a) Eﬂ tan™! (2)]
N
By 1,B
= r % = = - e — ==
K21 h12 Po[l (1-a) g tan (BN)]
P B/2 2
K22 = Eg {1 . _Lllg_)_§} af
-B/2 T (F7E D
B
= P(,l',l-(]-catz)gl\l tan—l(g—)]
N
Def'ne the variables
' = E/'BN
i % tan'l(l)
Y
so that the Kyn can b2 written as
K11 = Fp
& 1
K12 Po[l (1-a)A]
K2l * Po[l-(l-a)A]
- 2
K22 = Po[l-(l-a YA
Using (49) in (30) gives
[fﬁll % 1
W, (1+Glxll)(1+G2K22).-61G2K12K2l
i 5 : L
'[1+G2P0[1-{1-a )81 -GyPyl1-11-a)8T]{6,L;)
—G2Po[l—(1—a)A] 1+G1PO G2L%J

23

(44)

(45)

(h6)

(@4

(48)

(49a)
(49b)
(49¢)
(49d)

(50)



or
=Gy L, 8+G,P [1-(1~0°)AT} + G,G, P L,[1-(1-a)A]

o _ I3~ 0e
ke i > ek (51a)
1+G1PO+G2PO[1—(1—a AT + G1G2PO(1—a) A(1-47)
- G,G,PoL, [1-(1-a)a] - G2L2(1+G1PO) o
) 2 2 2
1+G1PO+G2PO[1—(1—a YA] + G1G2PO(1—a) A(1-=-4)
From (38)s (39), (40)" and (42), we obtain
P B/2 M
0 m
L, = =— | I i
4B lag sl B
PO M B/2 i
= 5 ) Cp, i Eiar (52a)
m=0 -B/2
and P, B/2 M .
by = g~ |l R
“B/2 m=0 ™
Py M B/2, .
ol e el R (52b)
m=0 -B/2

Since two-channel ICS is expected to cancel first and second
order terms (m=0 and m=1), the principal remalning term is m=2.
Thus, the summation will be taken up to M=2,

L

2
1 CoPp *+ C,Py(B°/12) (53a)

L2 A COPOEI—(l—a)A] - jClPO(l—a)(l—A)BN/2

3(1-a)(1-4)

Y2

Inserting (53) into (51) then results in

+ CyPy[1 - NS /iE (53b)

2 2
G1G2Po(l—a) A(l—A)+G1P

W, = -c, : p
=i ;N G1G2Pg(1“a)é1-ﬂ)[1—(1—a)A]
L Glepg{[l—(lf«)A][1—3(1‘ai§1-A)]_[1_(1_a2)A]}_Glpo
k| : (54a)
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= e 62P0[1~(1~a)A] | g_ (1+G1PO)G2PO(1—G)(1-A)
2 0 D 1-2 D
2 - - = 3(1_0‘)(1_A)'|
2 GlePo[l (1-a)A] G2P0(1+G1PO)[1— 3 r
+C _B____ . f /f“'»
2 12 D i
where
S 2 2 2
b = 1+G1PO+G2PO[1—(1—a )A]+G1G2PO(1—a) A(L=8) (54c)

(3) Evaluation of the Composite Transfer Function

Now that the values for the welghts have been deter-
mined using the notch filter transfer function N(f) of (38),
the composite transfer function will be determined. This deter-
mination will be made using the power series expansion of Hg(f)
in (39),along with the weight values in (54) and a sinailar power
series expansion of N(f). We can expand (38) as

J (1=-a)
N(f)-l—m

a+ (1-a) (£/£ )+ (1=0) (£/£,) %=1 (1-0) (£/£ )3+, ..

for |f/fC|<1 (55

Since we confine our attention to the frequency range |f|$B/2,
the conhvergencee condition 1n (55) 1s satisfled when

v = B/By<l (56)

where By = 2f, is the two-sided 3 dB bandwidth of the notch
tliter.

The composite transfer function 1is then determined from
(36); (39) amd (55) Te he

Hy,(f) = Hc(f)+H2(f) = Hc(f)+Wl+W2N(f)
g 2
= h02+h12(f/fc)+h22(f/fc) (577

where the coefficients hioare given by

hg, =Cq + Wi + aW2
hy, = (CyBy)/2 + j(l—a)W2
hy, = (CoBR)/4 + (1-a)W, (58)

Because 1t 1s the design objective of the two-channel ICS to
cancel the zero-th order and first-order terms (i.e., hog,hlg+0),

24
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Hpo(f) 1s approximated by the power series expanslon truncated
alfter the square term.

The firal results for hp2,h12,hop are found by substitu-
tion of (54) 1n (58) and are given below:

o G1G2P§(1-a)2A(1-A) + G P 4GP [1-(1-a2)a] + 1 (59)
G, P, (1-a)(1=A)+1
) 2P
hoz' Co D
= ClBN (1—a)(l—A)G2P0[GlPO(l—a)(l—A)-a]
% )
3 2 2 0 3(1-a)(1-4)
| 52 ;§G1G2P0(l—a) (1-4) +G1P0+aG2P0[1- Y2 ]
-L2 ¥ 5 (60)
(l—a)GePo[l—(l—a)A]
h12= -4Cq D ¥
N By GlePg(l—a)2(1—A)2—(1+G1P0)+aG2P0[a(1-2A)—2(l—A)]
13 o)
2 3(1-a)(1-A)
2 616,P5L1-(1-a)A]-G,P( (146, Py)[1-3(1= ]
t3(1-a)C, 75 D . vl
' ' i
(1-6)G,Py[1-(1-a)4] By, (l—a)2(l+GlPC)G2PO(l-A)
hop= =G, B & ol o b
8 B§ G1G2PS(1—a)2(1—A2)+1+G1P0+G2P0[2(l—A)+a(2A—a)]
Co 1T

e
¥
Bt %l—a)G2P0[1+(1-a)GlPOA]
D

(62)

(4) Simplified Results for the Dual Channel ICS

The purpose of this section is to introduce design
requirements that allow the two-channej ICS to approach optimum
performance. It has been shown [11] that the optimum weight
vector that minimizes the mean-square ICS output 1is given by

[(11] Widrow, B., et al, "Adaptive Antenna Systems," Proc IEEE,
vol. 55, no. 12, December 1967, pp. 2143-2159,
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Wl = (63)

which may be oktained frcm (30) by letting G, and G2 approach =,

|

The coefficients of the optimum composite transfer
function given in (60), (61) and (62) then become

2
0 =y AN =8, %2B 3 1.a
g2 - g A e L
o - 35(1-0)-2
3 bt o B WL o
Pl o G o A T e e
C.B CiBe 2 p
0 _ ., Z1°N,1-A 2°N [1-A°-AYy©/3]
Bag® d TSty A(1-1) (64)
If we require that
Lak«<]
(6%}
then 72
_?T_ z T=A (66)
and 0 2
hgo® =(Cy+J2C,/By)B/12
inY = EECRE T, T W (e (67)
12 2 1/°N
hd, = (C,+j2c. /B, )Bo/A
2% 2 172R/2 8

It 1s desirable to determine how large Gj and Gy must
te for the approximations in (67) to be valid. It may be seen
that if, in addition to (65), the followlng requirements are ir-
posed: O<a<<]

G1P0>>1

(1=A)GAP~>>1
D (68)
GlPO(l-A)>>a
AR
G2P0(1-A) >>0

we then obtainh frem (60), (61) and (62)

26
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0 0
h 4= + h
02 GIPO 02
C
0 0
hys® =] =—=— + h’. (69)
2 QlPO L2
C
0 0
h'\:_ +h
22 GIPO 22

If we assume that the gain in channel w1, Gl’ is large enough
so that

<< |C2+j ﬁ_"l 75 oy
N
then 5
hgo® -(C2+J2CI/BN)B 7 Ao
hyo=  J(C,+j2C,/By)B%/12 (71)
hop= (Cy+520, /By )BE/d

The isolation obtainable by a two-channel ICS 1is then
determined from (41) and (57) %o 'be

B/2

(R/T), = & IB/ Ingh£0/8 d4ngr/e 1212 ar  (72)
“B/a
Using (71) in (72) results 1in
2c
(R/T), = |Ct -B-l-l2 8" /180 (73)
N

where the coefficients Cy were introduced in the power series ex-~
pansion of the channel transfer function He(f) given in Eq., (39).

(5) Single-Channel ICS Results - A Special Case of the
Two-Channel ICS Results

Corresponding results for the single-channel canceller,
in which the notch filter channel is omitted, are obtained by
setting G»=0 in the formulas (5U4), (60), (61) and (62) derived
for the dual-channel canceller.

For the transmit power spectrum and channel model corn-
sidered, these weight values are
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2
T == —‘¥{%(r-+c e (74)

The coefficients of the power series expansion of the compcesics
transfer function become

Z &
- Cq i C,B® G,P,
01 1+G,P, 12 146G, P,
i *
= _N 5
hge & BE B (75)
p2
L
21 2 T

The coefficlents hpy, hyy, ho; used here for the single-channel

ICS corresend to hpo2, hi12, hop used previously for the two-channel
ICE. The composite transfer function is

CO B2 GIPO

Ho1(f) = [ymp— - Co s ragp) + C

01 1+GlPO 2 12 1+G, P, L
where Hpj1(f) 1s used for the single-channel ICS inplgee of Hoa(f)
used for the two-channel ICS.

2 < B
£ 4 CoF% |e] S (76)

If we require that

G PS>,
and =0 5
CO C2B
g el ik
l+ulPO 12
we have C2B2 p ik
Ry . == ~
Hyq (F) 75—+ Cyf + C,f | £ 5 ()

The isolation achievable from the single-channel ICS 1s then
determined by inserting (78) into

2

B/
(R/T), =2 [  |H..(£)|2 ar (79)
T Vs 00

to obtain

(R/T)| = (80)

1
)
[
v
S

+
o
PO
o
-
3
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¢. Multichannel ICS Performance 1in Reflecting Terrain

We now consider the case of the SFR operating 1in an
environment with multiple reflectors, and we will determine the
achilevable transit-to-receive isolation. The coupling transfer
functlon 1s given by

Jo. -j2nfr
H (f) = g a, e Y 8 (81)

where ajy, ¢4 and T1 are the galn, phase shift and delay of the
i~th reflection path. Expanding (81) in g Taylor Series expan~
sion gives

o 9 2 2
Hc(f) = E ai[l-JENTiI - 27 Tif Nl ] (32)
consequently, J¢i
C; = -32ﬂ§airie
. (83)
. imae S
C, ==2n %airie
Using (83) 1in (80) glves, for the single~channel ICS,
B2 Jo hoh Jo
L nEg 12 , 7B 2 994 2
<R/T)l iowg 'gaiTie l + —Es—lgai‘rie l :
fap nBTmax<<l
2.2 Jo
T B 1,2
5 s Igairie SR mBt . .<<1 (84)

Using (83) in (73) gives, for the two-channel ICS,

(R/T) ~"uBu|z ( _2__)63¢1|2 for mBt___<<1  (85)
PRl i iaiTi g o= mBy 2 o7 hax
In (84) and (85) tgax 1s equal to the largest of the t4. The
transmit-to-receive isolation which would be present without the
ICS 1s determined from (2) and (81) to be
Jo, -jenfr
- Y%ar (86)

, B/2

Hence, (R/T), i (R/T), 4 R/, e mBT,>1 (87)

when ﬂBTi>l for all values of 1.
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(1) Single Dominant Specular Reflector

When the terrain is dominated by a single specular
reflector, we have from (84), (85), (86) and (87)
2

(R/T)y = a (88
rn2a2B2T2/3, for mBt<<1
(R/T)l 3 (89)
a~, Por wBt>1
ﬂua2BuT2(T - F%—)2/M5, for mBt<<l
= M (90)

(R/T)2
2
a , for mwBr>1

The attenuation suffered by the signal returned from the specular
reflector 1s determined from the radar equation [12]
a2 = ——HG% (91)
(Uﬂ)3r
where A 1s the carrier wavelength in meters
G is the numerical value of the SFR antenna gain toward
the reflector
0 1s the radar cross-section of the reflector in meters?
r 1s the one-way range tc the reflector in meters
We can relate the range r in meters directly to the delay t in
seconds by
r = ct/2 (92)

where ¢ = 3xlO8 meters/second.

Applying (91) and (92) to (88), (89), and (90) gives

G20

(R/T)O = Z;§Z§;gzg (93)

2
~—g~g——(B/f )2, for mBT<<l
272 0
12me“T (94)

(R/T)O, for wBt>1

i

(Ryin

nGzo
18002
(R/T)g> for mBr>1

2 )2

for mBt<«<l
]
nBNT

B°(2-)°(1 -
c (95)

(R/T),

(12] Skolnik, M.I., Introduction to Radar Systems, McGraw-~-Hill
Book Co., New York, 1962, Eq. 1.10b.

30

3,

e e b e i L e o Bt



An asymptotic sketch of these three equations as funetiohg §Ff 7
is shown in Figure 9, comparing the isolation with no ICS, a one-
channel ICS, and a two-channel ICS. Tmin 1s used to represent

a delay (range) closer than which no specular reflectors are
vresent. These curves show the relative performance of a zero,
one, and two-channel ICS for a specular reflector of fixed size

0 as a function of 1ts range (or delay).

The 1solation achleved by a single-channel ICS in ter-
raln with a single dominant Specular reflector 1s plotted as a
function of (B/fg) with G2(0/r2) as a parameter in Figure 10
for mBt<<1l. For 1<2/(mBy), & two-channel ICS improves on the
single-channel ICS by the ratio

(B/T)s

s G
(R7T),

(e (96)
15 BN

For 2/TBy<<r<sl/TB, thé two-channel ICS performance 1is plotted
in Figure  1i:

(2) Continuous Clutter

For the continuous clutter environment with a single-
channel ICS, we return to Equation (84), for which the summation
1s assumed to be operating over an extremely large number of scat-
terers, each of whose contributions are statistically independent
wilth uniformly distributed phase. The squared magnitude of the sum
In (84) then 1s a random variable with a probability distribution
approachlng an exponential and a mean value equal to the sum of the
squared magnitudes of each contributor. Approximating the sum by 1ts
mean value, we have 2 o

i

r B 2_2
(R/T)1 Hige=ts gaiTi’ for mBr <<l (97)
Similarly, 5
(R/T), = }aj, when wBt.>1 for all 1 (98)
1l { i ol
Applying (91) and (92) to (97) and (98) gives
2ne o]
B°G i
(R - 2 == for #BT <<1 (99)
& 12nc2fg il Ti Ll 2
and G2 Z Oy ; :
(R/T), & =~ , for all i, where 100
1 lhr302fg i q TrBTi>1

These results assume an azimuthally omnidirectional an-
tenna for which the antenna gain 1s tlL.> same for each scatterer.
The scatterer cross-section 01 1s now modelled as a constant area
reflectivity ogp (dimensionless) times the differential area AAy,
so that
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(DB SCALE)

ISOLATION {nfr}i
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J

MIN By L
DELAY 1 -+ (LOG SCALE)

—
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FIGURE 9

TRANSMIT-TO~RECEIVE ISOLATION WITH A SINGLE DOMINANT
SPECULAR REFLECTOR VS ROUND-TRIP PROPAGATION DELAY
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¢ * opAAi

= ooriAriAwi

2
¢ 0,

‘H‘“ Ty AT A0, @O

where ¢ 1s the azimuthal angle. - We will now approximate the
summations in (99) and (100) by integration over the variables
T and ¢, using (99) for t£1/7B and (100) for t>1/mB. Thus,

22 2
B"G"o 1/mB 27 Gl 0 2m
(R/T) gy [ s & e 7 99 dt (102)
1 e T a2
8ﬂlo el l6m £y 1/7B 0 3

where Tpmin 1s the round-trip propagation delay to the nearest
scatterers. Evaluating the integrals gives
Glo
0,/B 2 il 2
(R/T)l ———6- f —) [l + §ln(m)] (1839

The reflectivity oy is larger for ground clutter than
for sea clutter [13], so that ground clutter will be used as a
worst-cace environment. From [13], we use

CiR 3.2x10‘“/x
£ 1 07300 < (104)
Inserting (104) into (103) gives
(R/T), = 6.67x10714g 2(—-—)B[l + 1n(§§?——;)1 (105)
where [y = The earTlier ITroguenicy-in Nz
B = the signal bandwidth in Hz

Tmin & the round-trip propagation delay to the nearest
scatterers 1n seconds
G = the numerical value oI the antenna gain.

IFFollowing a simllar cievelopment for the two-channel ICS
in a clutter environment, we have from (85}, (91) and (92),
nBuG2 i;

2p2 §

(R/3 )= =
: 180c¢ 4

(Ti - F§~) . ¢ & Bow ﬂBTi<<l (LG5 )

and

(13] Barton, D.K. and H.R. Ward, Handbook of Radar Measurement,
Prentice-Hall Book Co., 1968, p. 138.
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(R/T), = —zts—s | &, for wBr,>1 (107)

3 2.2 2° il
Yn-c fo i Ty

| Passing to the integral approximations, we have

nBuGgoo 1/1B 2n[T~(2/nBN)]2
(R/T), = ——— | f dydr
2 gpegee g 0 .
0 min
2
G"o © 27
167 fo L/mE  @-T
Usling
2 1 1
Tmin ¢ By < 1B (103)
evaluation of the integrals results in
2
G~o
r P OviBe L2 g .2 Y=
(R/T), —Tg~(fo) Ll E§<BN) 1n(5§;;;n)J (110)

Finally, applying (104) to (110) results in

N =1k 2 %5 8458 1
(R/T), = 6.67x107°"G <F5)B[l + Il--5—(BN) 1n(;§;;I;)] AL

d. Antenna Effects on the Multichannel ICS

The SFE antenna, being a tuned device, will reflect
he transmitted signal with a reflection coefficient that is
recuency dependent. The antenna 1s modelled by a resonant
ircuit shown 1n Figure 12, The reflection coefficient for
1is model 1s given by

m o

2 |
= Zin-R _ (XC+XL) +2JR(XC+XL)
in 4R +(XC+XL)

where X1, = wL and Xp = -wC. Note that at center frequency wp=
1/vIC, the antenna Is matched so that p(wg) = 0.

As done previously, we will expand p(w) in a Taylor
series about wg, and determine the single-channel and two-channel
ICS performance from the coefficients of Ho(f), where Ho(t) =

p(2n(f+fy]) c, = 2np'(wo)

5 (113)
Cr = 217p (uwgy)
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TRANSMITTER |
SOURCE | > Ty

TRANSMISSION LINE

WITH Z0 = R

FIGURE 12
RESONANT CIRCUIT MODEL OF SFR ANTENNA
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Differentiating (112) gilves

<1 2 2
r y.? " l_ o4
g (o) = 8” hﬁm*ddﬁﬁuﬂlﬁ X ), (114)
(" +x" )’
where
X = Xo+X; = ~-1/wC + wL =

Differentiating (114) gives
8RZ{ (4RZ+X2)[ (X' )2+XX"]-4X%(X')%} s (4r2+x2)3

u u " [} 2 2 2
(4R%+x2)3
At WEW g
p'lg) = JEI/2R = JT/R
[} 2 "
o, ) = Al = XL Blaig gt e gl (1173
0 = R Rug

The two=-sided 3 dB bandwidth of the antenna model in
Figure 12 1is

i
Boole = "(R/L) (118)
which, with (117) gives
1
p'(ws) =
0 "Bant
' 2 1
" (wy) = —gEy— - ot
Phy2 B w
m Bant ant 0
= —2 . for B, <<uw (13873
2RI ant 0 g
T B
ant

Inserting (119) into (113) gives

- '2
C; = 3"/Bant T
> 28y
= !
C2 4/Bant

Usimg (220 ) I (113 ) With B/Bant<<1 gives
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(R/T); = |cq|°B%/12 + ¢, 128" /180
IR PRE y
= 3(B/Bant) t 5s(B/By )
1 2
= 3(B/Bype) (121)
for the single-channel ICS. Using (120) in (80) with B/B £ <<1
gives g
(R/T), = [C,+j2(C,/B)|? BY/160
- (88, ) '((B,  /B)-112 (122)

for the two-channel ICS.
e. Numerical Examples
(1) Single-Channel ICS

Let us consider a single-channel ICS with the following
deslgn parameters:

fo = 3x108 Hz
B = 105 Hz
G =1 ;
Boow = 521070z

We assume the following environmental conditions:
(0/72)max = 10-1 for dominant specular reflector
Tmin = 20 ns (closest reflectors 10 feet away)

Using F1 -re 10, the isolation achievable with the
specular reflector .,s

(R/T)l = -101 dB (specular reflector) (123)
The 1solation achievable in the presence of  ground clutter is
determined from (105) to be :

(R/T)l = -110 db (ground clutter) g
The isolation limitation due to the antenna reflection is

(R/T)1 = -59 dB (antenna reflectidn) (125)

It 1s clear from the above results that the antenna is the
limiting factor.
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(2) Two~Channel ICS

. We now consider a two~channel ICS wlth the following
design parameters:

fo = 3x108 Hz

B = 105 Hz same as for singlec
@ = channel ICS example
Bant = 5X%07 Hz

By = 5x10° Hz

We assume the following environmental conditions;
(o/r€)max = 101 for nearby dominant specular re-
Fieetor (r<2/mEy)
= 103 meters? for distant dominant specular reflector
(1>2/wBy)
Tmin = 20 ns (closest reflectors 10 feet away)

From Equation (96) and Figure 10 the 1sclation achievable
with the nearby specular reflector is

(R/T)2 = ~140 dB (nearby specular reflector) (126)

The isolation achievable with the distant specular reflector is
determined from Figure 11 to be

(R/T)2 = -127 dB (distant specular reflector) (127)

The 1isolation achievable in the presence of ground clutcer is
determineéd from (1lll) t& be

(R/T)y = -116.5 dB (ground clutter) (1283
The 1isolation limitation due to the antenna reflection is

(R/T)2 = -99 dB (antenna reflection) (129)

Once again the antenna is the limiting factor, but the achievable
isolatlon of the two-channel ICS is 40 dB better than that for
the single-channel ICS.

i+ BiScuksdgn of fnealytlcal Results

In both the one-channel and the two-channel ICS numerizal
results, the antenna reflection is the major limitation to the
amount of achievable transmitter-to-receiver isolation. However,
the 1isolation with the two-channel ICS is about 40 4B better
than with the one-channel ICS.

An attempt has been made to anticipate the analytical
results for a three-channel ICS by examining the results for
the one- and two-channel ICS's. It is anticipated that the
antenna reflection limitation would drop by approximately another
40 4B from that for the two-channel ICS. However, almost no
improvement is expected on the limitation imposed by ground
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clutter, since the primary ground clutter contributions for the
two-channel 1CS are beyond the range for which =L, Thas,
ground clutter becomes the major limiting factor for the three-
channel ICS, allowing transmitter-to-receiver isolation of about
-117 dB. The same limitation holds for any multichannel ICS with
more than three channels.

With a design goal of 120 dB for SFR forward gain, con-
servative deslgn requires transmit-to~-receive isolsbich wWeld
below 120 dB. The above results, although approximate, leave
doubt whether 120 dB of useful forward gain 1s achievable at
300 MHz with a 100 kHz bandwidth in a ground~based sltuatilon,
Since the achievable isoclation is close to =120 dB, the SFR bread-
board design will incorporate a three-channel ICS with 120 dp
forward gain capability to allow future field testing of SFR oper~
ation with the full gain capability.
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2. MULTICHANNEL NOTCH FILTER ICS EXPERIMENT

A laboratory experiment was conducted early 1in the
program to verify the multichannel notch filter ICS concept.
The experiment used the General Atronics MX-200 two-channel VHF
ICS developed previously on internal R&D funds.

The MX-200 was constructed with two identical channels,
intended for cancelling two independent interferences simultane-
ously. For thls experiment, the reference input to the second
channel was obtained by passing the first channel reference input
through a notch filter and amplifiers. 1In this way a two-channel
notch filter ICS was synthesized with the intention of improved
cancellatlon of a single broadband interference with delay,com-
pared to that obtailnable with a 8ingle-channel ICS.

The experimental setup is shown in Pigure 13, The lnters
ference was provided by a sinusoldally modulated FM signal gener-
ator operating at 125 MHz with a 600 kHz bandwidtb. It is con-
nected to the ICS antenna input through a delay of 07 fes+ A*
coaxlial cable. It 1is supplied at high level to Reference #1 wi:h
no freguency shaping. The input to Reference #2 1s shaped in
frequency by a notch filter centered at 125 MHz with a bandwildth
much greater than 600 kHz. Both an L-C notech and a quarter-wave
delay line notch were used. Following the notch filter 1is 36 4=
of gain. The ICS output is monitored on a spectrum analyzer.

The cancellation results for the L-C notch and the delay
line notch were indistinguishable. Figure 14 shows the cancella-
tion results by a sequence of spectrum analyzer photographs of
the ICS output. The upper photo 1is the ICS output with References
#*1 and #2 disconnected, showing the uncancelled interference.

The center photo shows the ICS output with only Reference #1
connected, the single-channel ICS configuration giving the expected
M-shaped residue spectrum. The lower photo shows the ICS output
with both References #1 and #2 connected.

The photos show a band ®dge c¢ancellabtion raétie of 30 &8
with the single-channel ICS and 55 dB with the two-channel ICS.
As shown in Equations (88) and (89), cancellation in the single-
channel ICS 1s proportional to (Br)é, and in the two-channel ICS
it Is propertidiRl %o (BT)“. That 1is, cancellation in dB with
the two-channel ICS should be approximately double that with the
single-channel ICS. The measured performance roughly verifies
the improvement expected.
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VERTICAL SCALE:
10 DB PER DIVISION
TOP LINE = 10 DBM

HORTZONTAL SCALE:
200 KHZ PER DIVISION

- (A) REFERENCES 1 AND 2
JoxHZ RES 20 _ DISCONNECTED

(B) ONLY REFERENCE 1
CONNECTED

=10d0m

(C) BOTH REFEKeNCES 1
AND 2 CONNECTED

FIGURE 14

RESULTS OF TWO-CHANNEL
NOTCH FILTER ICS
EXPERIMENT
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SECTION III

PILOT~DIRECTED MULTICHANNEL ICS

1. SYSTEM CONCEPT

The multichannel ICS discussed in Section 2 derives its
welght-control voltages by correlating the input to each weight
with a feedback error signal which is proportional to the cancellag-
tion residue. An ICS deslgned in this fashion will provide the
desired degree of cancellation in the presence of other input
signals as long as those slgnals do not cause any significant
output from the correlators in the welght control units. 1In
the SFR application, the transmitted signal 1s essentlally a de~
layed replica of the received signal. Thus, an undesired corre~
lator output which causes errors 1n the weights and thereby de~
grades cancellation would be unavoldable,

The means to be used in this program to maintain ICS
performance in the SFR 1s to use an additive pilot signal %o
control the ICS. The ICS thus is modified from the "transmit-
signal-directed" form to a "pilot-directed" form. A block dia-
gram showing the concept in a3 Single-cnannel ICS 1is given in
Figure 15,

A pilot signal 1s added to the ransmitted signal befcre
the directional tap 1s taken to provide the reference signal
input to the complex welght. Instead of using this same refer-
ence signal as an input to the welght control unit (see Flgure 1),
the pilot signal alone is used. The weilght control is based
on the correlation of the ICS output with the pilot slgnal
alone, rather than with the transmitted signal. The pllot signal
must be designed to have low correlation with the received signal,
and hence with the transmitted slgnal. The complex welght value
W established by pilot direction is that which optimizes coupled
pllot cancellation, and hence coupled signal cancellaticn as well,

When a pilot-directed multichannel notch filter ICS 1is
used, the pilot supplied to the welght control units must undergo
the same notch filter processing as the weight inputs dec. A block
dlagram of the pillot-directed multichannel notch filter ICS is
shown 1n Figure 16. The differences required by pilot direction
may be seen by comparison with Figure 5,
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2. LABORATORY EXPERIMENTS WITH A PILOT-DIRECTED TWO-CHANNEL
NOTCH PFILTER ICS

a. Test Descriptlion

A serles of laboratory experiments have been conducte-
to demonstrate the use of a pilot slgnal with a two-channel rcs
filter ICS. The experimental arrangement utilized 1s shown in
Figures 17 and 1%. The MX-=200 VEP Interference Cancellation
System (ICS) was modified to permit correlation of the erro-
signal at the ICS output with externally supplied pilot signals.
The interference and pilot signal are added and applied to the

ICS antenna input through a simulated coupling path consisting

of the cascade of a varlable attenuator and a 0.26 us delay coaxlal
cable (200 t't). Reference input 1 1is derived directly from the
combined pilot and interference slgnals while reference input 2

1s obtalned at the output of L-C notch filter no. 1. The corre-
lator reference signals utilized in the ICS welght ccntrol cir-
cults are derived from the pilot skgngl, as 1llustrated in Pi-

gure 17. The correlator inputs for the first reference channel

are c-talned directly from the output of the Anaren quadrature
hybrid. The correlatcor inputs required for the second relerenes
channel are obtained after additional processing using the notch
filter-amplifier cascades shown in the lower portion of Figure 17.

-~
-~ e

The performance of this pllot-directed interference
cancellatinn system has been tested for the case in which a fre-
quency-modulated pilot signal i1s used and the Interference 1s
either CW or a pseudorandom noise (PN) waveform. The plilot
signal carrler frequency = 141.185 MHz. The modulation ‘. sinu-
soldel FM with peak deviation = 50 kHz and modulation freguency
= 3 kHz. The interference carrier frequency 1s alse 141.185 MEz
and both interference and pilot are identical in level at <he
ICS antenna input. A higher level interference caused inter-
modulatlon products in the amplifier added in Figure 18, obscuring
the test results. This problem can be overcome by different
galn cisstrdbution in the Tinal repsater degign.

t. Experimental Results

The experimental results are 1llustrated by the speciru.~
analyzer displays shown in Figures 19 and 20. Figure 19(a) is
a spectral display of the receiver input with CW interference
and the ICS disabled by disconnecting both reference LHNputs .
The display shown in Figure 19(b) results when only reference
channel 1 1is connected, and Figure 19(c) shows the residue spec-
trum with both reference channels connected. A 24 dB cancella-
tlon ratio 1s observed for pilot frequency components at the
band edges f] and f, when a single reference channel 1s used;
with both reference channels, the band edge pllot cancellation
ratlo 1ncreases to 46 dB.
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-10 DBM
VERTICAL: 10 DB/DIV

FIGURE 19CA)

CW INTERFERENCE + FM PILOT
REFERENCE INPUTS DISCON-
NECTED (NO CANCELLATION)

-10 DBM

FIGURE 19(B)

CW INTERFERENCE + FM PILOT
REFERENCE 1 CONNECTED

-10 DBM

FIGURE 19(C)

CW INTERFERENCE + M PILOT
BOTH REFERENCE CH/iNNELS
CONNECTED



Similar results are shown in Figure 20 when the inter-
ference carrier is biphase modulated by a pseudorandom sequence
at 20 kilobits/sec. The same FM waveform again 1s used as the
pilot. 1In this case the band edge pilot cancellation ratio is
25 dB using reference channel 1 only and increases to 48 4B
when both reference inputs are connected. It should be noted
that at each frequency the Interference speetral component 1s
cancelled by the same amount as the pilot spectral component.

¢. Conclusions

The results described provide experimental confirmation

of the pilot-directed interference cancellation concept to be
employed in the single frequency repeater design. The test
results indicate that both pilot and interference signals are
cancelled equally well. Thise results hold for both single
and dual channel interference cancellation systems.
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-1C DEM

VERTICAL: 10 DB/DI1V

FIGURE 20(A)

PN** INTERFERENCE + FM PILOT
REFERENCE INPUTS DISCON-
| NECTED (NO CANCELLATION)

L (JKHZ RES | poxkT
10d3/  =10c3e

-10 DBM

FIGURE 20(B)

PN INTERFERENCE + FM PILOT
REFERENCE 1 CONNECTED

Wt

IR PES | 2k
10d3/  =10c3e

-10 DBM

FIGURE 20(C)

PN* INTERFERENCE + FM PILOT
BOTH REFERENCE CHANNELS
CONNECTED

i? | 2BIPHASE CARRIER MODULATION

BY A PSEUDORANDOM SEQUENCE
% "\l
‘“IJI{J" ‘
i .

1 pu1.185MHz
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H——100KHZ ————#
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SECTION IV

ICS WEIGHT LINEARITY

The complex weight circuit used in the ICS must be
hlghly linear with respect to the reference input. Any non-
linearity will cause nonllnear distortion on the welighted inter.-
ference which will not be cancelled. Nonlinear distortion in
the complex weight thus has the same effect as limiting the
achlevable ICS cancellation. The level of 1n-band third-order
intermodulation products resulting from a two-tone input is uged
here as a measure of nonlinear distortion caused by the welight.

The welght design intended for use in the SFR breadboard
consists of two bipolar attenuators, one in each of two quadrature
channels, as shown in Flgure 27 Each bipolar attenuator is DC-
controlled to effect amplitude scallng with or without phase
inversion.

A PIN diode network has been developed at General
Atronics for use as a blpolar attenuator. The circuit offers
the following features: hlgh power handling capabllity with
low distortion, low return loss, and low minimum insertion loss.
This section will review the efforts carrled out to date on this
program to minimize the nonlinear distortion in the PIN diode
bipolar attenuator.

1. PIN DIODE DISTORTION THEORY

The resistance Ryof a PIN diode 1is controlled by a DC
bilas current 1fcs With the twe approximately reciprocally related:

Rd % K, /35 (129)

where K7 is a constant depending on the particular diode. Dis-
tortlon in the diode monotonically increases with the distortion
factor

Fp = Iac/Ipnc (.L30)

where Ipc is the peak AC current through the dlode. Low dictor-
tion performance requires that Fp be much less than the IO,
broduct, where fg 1s the AC operating frequency and T, 48 Ghe
minority carrier lifetime of the diode.

Let us now consider a PIN diode network coupled to 1nput
and owtpult- bkl -add hsd impedance transformers, respectively.
(See Figure 22) Let the source and load lmpedances be fixed,
but let N be variable. Let us detine the network attenuation as
the ratio of the power delivered to the load divided by the
maximum power avallable from the source. The attenuation can
always be expressed in terms of ratios of impedances found in

2b
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the network, where the source and load impedances appear multi-
plied by the impedance transformaticn n. Thus, for the attenu-
ation from input to output of Figure 22 to be constant as n
varies, the resistance of every diode in the network must be
proportional to n. For example, if the input transformer is
changed from a 1:1 transformer to one that steps up the source
impedance by 1:4, then the same attenuation is obtained if the
diode resistances are increased by a factor of 4. Thus, Rdshould
be proportional to n for constant attenuation:

Rg= Kyn (131)

From (129 and (131), the DC current required to obtain the desired
resistance 1n any particular diode is

Inc = Ky /Ry = K{/(Kyn) (132)
The 1:n input impedance transformer will step down the

AC input current by vn. If the diodes are bilased according <o
(132, then each diode in the network will carry an AC current
proportional to 1/v/n, i.e.,

I,c* K3//H (188
Thus, from (130, (132 and (133 the distortion factor 1is given bty

Fp = K2K3/H/Kl (1345

Thus, we see that reducing F, requires making n as small as
prossible. That is, the source impedance as seen by the diode
network should be stepped down (AC-input current stepped up)
for reduced distortion.

A second distortion-reducing technique is to replace
each diode in the network by several diodes 1n series. If m
identical series i1iodes are used to give the same total resis-
tance, then 1he resistance of each diode must be reduced by n.
This 1is accomplished by increasing its DC bias current by a
factor of M. The AC current, however, ls unchznged, so that Fp
iz propertichal so /W, .8,

FD = 1/m (13

Thus, distortion is reduced by adding more diodes 1n series.

Wi
~

The combined effect of impedance transformation and
series diodes makes Fp proportional to vi/m, 1.e.,

Fp & y/n/m (136)
As n is made very small and/or m very large, the minimum
attenuation of the network begins to inurease. That 1s, there

1s a tradeoff between minimum attenuation and distortion. There
is also a tradeoff between drive power and distortion. These
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two tradeoffs wlll set the eventual 1imlt on how low the dlistor-
tion can be made.

2. EXPERIMENTAL RESULTS

A number of experiments have been conducted to measure
two-tone intermodulation in the PI!l-diode circuit using various
circuit modifications. Two different methods were used to
isolate the third-order intermodulation product generated in
the circvit to permit measurement of its level. One circuit was
tested with both methods, and the results were substantially the
same.

The first method is diagrammed in Figure 23, in which
the third-order intermodulation product is isolated by cancella-
tion. 1wo CW tones are generated, amplified, and combined so
that each 1s at a level of +15 dBm at the D.U.T. Pt . Some
of the D.U.T. input 1s “apped off in a 10 dB coupler to a path
which 1s manually adjusted in phase and amplitude to cancel the
D.U.T. output. In this way, the two tones and the intermods
produced ahead of the D.U.T. are cancelled to a very low level
at the input to the spectrum analyzer. This allows the intermods
caused by the test setup to be at a very low level compared to
those generated in the D.U.T., so that the intermods seen on the
spectrum analyzer are those caused by the D.U.T. as long as
they exceed the calibration level. The calibration level is
found by replacing the D.U.T. with a 6 dB pad and manually ad-
Justing phase and amplitude to cancel the test signals on the
spectrum analyzer display.

The second method, diagrammed in Figure 24, uses fil-
tering to isolate the third-order intermodulation product. The
two tones are separated by 5 MHz, and their generators are iso-
lated from each other by a hybrid combiner and by bandpass fil-
ters #1 and #2. The third-order intermcdulation product is

selected by bandpass filter #3 for display on the spectrum analyzer.

A summary of the worst-case intermodulation levels found
from a two-tone test on the different bipolar attenuator imple-
mentations 1s given in Table 1. The first column shows the date
on which each test was conducted. The second column refers to
the test setup -- elther Figure 23 or Figure 2U. The third
column of Table 1 describes the structure of the D.U.T. -- the
type of input transformer used, the number of series diodes in
each leg of the network and the diode type. The fourth column
shows the principal test result -- the highest level of the
output intermods over the full range of attenuation of the D.U.T.

Several conclusions can be drawn from these results.
First, as long as the DC drive 1s optimized for low intermodu-
lation performance at the frequency of operation, there is very
little dependence on frequency in the 225 MHz to 400 MHz range.
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Secondly, the intermod products can be reduced by about 10 dB
by using a 50Q:12.5Q input transformer instead of a 500:509
transformer. (The same transformer with primary and secondary
interchanged is used on the output as well.) Finally, the same
10 dB improvement can be gained by replacing each PIN diode by
two PIN diodes in series and keeplng the transformer fixed.

K- D B g
X : -~ Py - W~ L T R !
A PR TNNYD AR gy W gy NN ™ T AU D TG A Sy, e s N T A S Ly, P v\
. - -
’ . . 3 0 . ot
" . fa—" \'*ck._
5 B
R
”
I e N e, 30 8 cbime e AT L YR o e o sty =1 O e - g SR e

I. SRR e e T



G . o A S T L m
F A =

—

SECTION V PRECEDING PAGE itgLA.I\M-NOT FILMED
K. » -

-
s o -

SFR SYSTEM DESIGN

The concepts described in the preceding sections form
the basis for the formulation of the SFR biock diagram. A con-
ceptual block diagram of the SFR is given in Figure 25 Tt
shows a single antenna used for both transmission and reception,
with a 6 dB hybrid as the antenna coupler. The received signal
passes through a single-channel pilct-directed ICS at RF. The
RF ICS is expected to provide 55 4B of transmit-_o-receive isola-
tion, sufficient to allow RF amplification and RF-to-IF conver-
sion with negligible distortion, An experiment with a simulated
antenna supporting the 55 dB figure 1is described 1in Section V.2
below. '

Following RF-to-IF conversion, the signal is amplified
and inserted into a three-channel pllot-directed notch filter
ICS at IF. At this point the full (R/T)3 isolation is obtained.
The signal then passes through an IF filéer and amplifier with
AGC for output .evel control. The detected videc output of the
amplifier is used to indicate signal presence to control the DC
rower supplled to the RF transmitter amplifier.

The pilot is generated at IF and addec to the signal.
It 1s also supplied to the IF ICS as well as to the RF ICS after
up-conversion. The combined slgnal plus pilot are up-conve>ted
to RF and amplified to a 1 watt level for transmission.

A more detailed block diagram showing functional units
is given in Figure 26. This dlagram follows the form of Figure
5. The extra detail shows the distribution of gain throughout
. th.e- ;"%\yrﬁ?em‘w-&—‘awr P o' =D& o - aree

O

1. FEATURES OF THE SYSTEM DESIGN

The SFR has been designed to provide the following de-
sign features:

Operating frequency 300 MHz (nominal)

Bandwidth 100 kHz

Minimum detectabie silgnal -90 dBm

Signal-to-noise ratio for +17 dB for 100 kHz bandwidth
minimum detectable signal +23 dB for 25 kHz bandwidth

Forward gain on minimum signal 4120 dB

Output power level! +30 dBm (PEP)

Input dynamic range 60 dB

'The output power level is expressed 1n terms of peak effective
power since the AGC detector which controls the output power
level is a peak detector.
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Signal-to-Intermodulation +20 dB
ratio (two-tone output with
minimum detectable signal)
Signal modulation types any with bandwidth $100 kHz

a. Calculation of Forward Gain

The system gain (and loss) distribution is tabulated in
Table 2, showing a total of 120 dB of forward gain.

b. Calculation of Minimum Slgnal-to-Nolse Ratio

The nolse figure of the receiver will be calculated
frem [14,B8. 531
(F2—1) (F3—1)
F = Fl + +

& €1 82

where the numerical subscripts index the receiver gair stages in
order of their occurrence, F{ 1s the noise fiEuive of” fhed=tH
stage, and £4 1s the gain of the i-th stage. All geins and
nolse figures are in numerical ratios, not in decibels. Becayss
of the RF losses breceding 1t, the noise figure of the first
stage 1s given by [14,Eq. 61]

- 1
F) = LgpFy (138)
where F{ is the numerical value of the RF preamp noise figure
and Lgp 1s the numerical vz .2 of the RF loss preceding the
preamp.

The nolse contributors are tabulated in Table 3. In-
serting those values in Equation (3T ¥ Tlves

Frovg = 53-5 = 17 4B (139)

Assuming a thermal noise spectral density of Ng = =174 dBm/Hz,
the minimum signal-to-noise ratio is determined from

SNRm Smin(dBm) - NO(dBm/Hz) - F - 10 loglgE

rcvg(4B)

in

where Spqp = -90 dBm, the minimum received signal level, and
B 1s the bandwidth in Hz in which the signal-to-noise ratio is
measured. Thus,

10° Hz

{17 dB for B 0
2.5x10 " Hz

SNR 23 4B for B

nu

min ~

[ s
=
—

Mumford, W.W., E.H. Scheibe, Noise Performance Factors in
Communications System, Horizon House-Microwave, Inc., Dedham,
Mass., 1968.
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TABLE 2

SYSTEM GAIN DISTRIBUTION

Gain or Loss Contributor (re: Fig. 26)

BPF

6 dB Coupler

RF ICS

RF-IF Mixer and BPF
First IF Amplifier
IF ICS

XTAL BFF (2) :
IF AGC Amplifiler
IF-RF Mixer and BPF
Transmitter RF Amp
6 dB Coupler

BPF

Overall System Gain

TABLE 3

Gain (in dB)

-1
-7
- 37
=7
+9

+10
-8

+80

=7
+46
-1
&5

120 dE

SYSTEM NOISE FIGURE CONTRIBUTORS
Decib~1 Numerical

Item

-———

LRF, RF losses
Fi, noise figure of

gain from input
filter to input

25 noilse figure of

81>

F

o gain from input
input of IF amp

F effective noilse

3’

(max)

(max)

Value Value
12 dB 15.85
RF preamp 5 dB 3.16
of RF preamp with image 5 dB 306
of IF amp #1
IF amp #1 5 dB 2:06
of IF amp #1 to 6 dB 3.98
#2
figure of IF amp #2 5 @i 35.84
plus IF ICS
added noise
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¢c. Tmpact of Signal-to—Intermodulation Ratio on Weight
Linearity

A minimum level signal at -90 dBm at the SR Lrpuk
appears at the input to the RW ICS at a level of -98 dBm. THigsy
the third-crder Intermodulation prodicts coming out of the RF
ICS weight must be at a lewel not exceedirg -118 dBm in order
to meet the slgnal-to-intermodulation ratlo of 20 gB.

When the SFR transmits two equal strength tones, they
are both at a level of +24 dBp (+30 dBm PEP). Assuming that
the return loss of the SFR antenna is at least 15 dB, the two
tones are coupled to the antenna input of the RF ICS at a level
of +1 dBm each. If they are to be cancelled, the RF ICS welght
must provide the same +1 dBm output 1level. Thus, the weight 1is
required to put out two tones at +1 dBm each with third-order
Intermod products not eéxceeding ~118 dBm. This corresponds to
a third-order intercept requirement of +59.5 dBm on the welght.
The duta of September 24 and 26 in Section IV.2 show that this
goal has been met.

2. ICS EXPERIMENT WITH A SIMULATED ANTENNA
a. Test Description

A single-channel pllot-directed ICS was tested using
a tuned circuit to simulate an antenna as configured in the
slingle frequency repeater. The experiment was conducted to
verify that a single-channel ICS at RF can provide sufficient
canceéllation of ¢he transmitted signal for RF amplification and
RF-IF conversion to take Place. Further cancellation will then
be achieved at IF with g multichannel notch filter TESH

The tuned circuit was built and adjusted to simulate
the 1input impedance of an antenna with a bandwidth of 50 MHz ,
and a return loss of 15 dB at the frequency of operation.
A schematic diagram of this circuit 1s given in Pliirs ¥ 2|

Figure 28 shows a block dlagram of the teRt ®etup. It
1s based on the block dlagram of Figure 17 used for tests with
a two-channel ICS, with those portions for the secongd channel
unused. The antenna simulator was connected as shown at the
top of the flgure, using a 10 4B directional coupler to simulate
the antenna coupler in the repeater. .

The repeater output consists of the repeated signal and
an additive pilot. The repeated signal (the interference) is
simulated by a CW tone from the HP 6Q8F Signal Generator passing
through the PN Modulator, but in this test no modulation was
applied. An FM signal source (Bconton #102A) was used to
generate the pilot signal, which is coupled with the interferenc
in a 10 dB coupler. The repeated signal (interference) plus
pllot are fed to the antenna simulator and to the Reference 1
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input of the modified MX-200 VHF ICS. Tre MX~200 modifications
are ldentical to those dilscussed 1n seet lon TV. 2.

A portion of the pillot 1s taken and split into two
quadrature components which are adjusted in delay and amplitude
to drive the I and Q correlators in Channel ¥l of the MX:-200.

The notch Filter processing used with Channel #2 in Section LITl.@
1s not used in this experiment.

The antenna simulator was connected to the antenna
coupler in two ways: wilth a BNC barrel {approximately 2 inches
long), and with a six-foot length of coax. Cancellation results
were obtalned for both connections. The reference level for 0 dB
return loss was obtalned by disconnecting the antenna port of the
antenna coupler and leaving 1t bpen.

b. Test Results

The test results are shown in the photographs of Figures
29 through 32, Figure 29 shows the output of the ICS with no
cancellation and the antenna simulator disconnected. The 100 kHz
wide FM pillot 1s shown with the CW transmitter signal near the
center of the screen. Figure 29 1s the return loss Felerence.

When the antenna simulator is connected on a two~inch
cable, Plgure 30 shows the ICS output is reduced by 17 dB from
Figure 29. No 1CS cancellation has yet taken place.

When the ICS reference is connected, the ICS cancels,
producing tne output spectrun shown in Figure 31(a). The CW
transmitter signal at the center of the screen is in a deep null
in excess cf 70 dB from the return loss reference. When the CW
frequency is moved to the pilot edge 1in Flgure 31(b), the inter-
ference rejection 1s seen to be 55 dB from the reference level.

A similar sequence of photographs is shown in Figure 32,
for which the antenna simulator is connected at the end of a
slx-foot cable. Figure 32(a) shows the uncancelled ICS output
down 15 dB from the reference level. Figure 32(b) shows the
cancelled ICS output with the CW interference at band center
nulled by more than 70 dB. Flgure 32(c) shows the cancelled
ICS output with the CW interference at band edge nulled by 60 dB.

¢. Discussion of Results

The combination of 15 dB return loss and single~channel
ICS cancellation 1is seen to provide & worst-case (band edge)
transmitter-to-receiver isolation of 55-60 dB with a 50 M4z wide
simulated antenna. This isolation is felt o be sufficient for
repeater RF front end to operate properly. Further transmitter
rejection will then be accomplished at IF with a multichannel
noteh filver ICS,.
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HORTZONTAL: KHZ/DIV; VERTICAL: 10 DB/DIV, -10 DBM TOP
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FIGURE 30 -~ UNCANCELLED ICS OQUTPUT WITH ANTENNA SIMULATOR
ON TWO-INCH CABLE
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HORIZONTAL: 20 KHZ/D1vV;

WVERT.ICAL : 10D¢/DIV, -10 DBM TOP

(A) CW INTERFERENCE
COMPONENT AT BAND
CENTER

(B) CW INTERFERENCE
COMPONENT LOW
FREQUENCY BAND EDGE
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FIGURE 31 - SINGLE-CHANNEL CANCELLED ICS OUTPUT WITH ANTENNA
SIMULATOR ON TWO-INCH CABEL (15 DB RETURN L0SS)
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SECTION VI

SFR BREADBOARD DESIGN

An SFR breadboard system was bullt based on the design
concept presented in Figures 25 and 26. It was designed to oper-
ate at a 291.8 MHz RF, with a power output of 1 watt. The details
of the implementation are presented in this section.

A block diagram of the SFR breadboard is given in Figure
33 which shows the system functions performed in =2ach subassembly,
identified by the letter in the upper left-kand corner of each
block. Figure 34 is a block diagram illustrating the electrical
implementation of each of these subassemblies.

Both the RF and IF ICS's have their complex weights
controlled by correlation of the ICS error signal with a pilot
signal. This pilot signal is acdded to the SFR transmission so
that 1t 1s present on the transmitted slgnal as discussed pre-
viously. The pilot supplied to the IF ICS correlators is at
30 MHz. while the pilot supplied to the RF ICS correlator is
first up-converted to the RF.

1. BLOCK DTAGRAM DESCRIPTION (Figure 34)

An input signal from the antenna is courled into the
Antenna Input of Box A through a 6 @B coupler. Also nresent on
this input are coubpled components ¢ the tran-mitted signal and
the pilot. The fourth port of the same 6 4B coupler serves to
provide a portion of the transmitted signal and the pilot tc the
Reference Input of Box A. The Reference Input, attenuated by 26
dB, 1is outputted from Box A for down-conversion to IF and further
use 1n the IF ICS. A larger porticn of the Box A Reference Input
(attenuated by 5 dB) is adjusted by the RF weight to effect
cancellation of the coupled RF trarsmitted signal and pilot in
a 3 dB hybrid combiner. The RF welght 1s designed to impart very
low intermodulation distortion upon the reference signal.

After RF cancellation, the received signal and cancella-
tion residue are provided to Box B where they are amplified and
down-converted to 30 MHz and outputted to Box . A sample of the
RF ICS output is extracted for use as the RF ICS feedback error
signal. Tt is chopped at a 455 kHz rate. Chopping sidebands
that appear in the main line of the er: or goupler are at multiples
of 455 kHz from the RF, and will subseguently be rejected by
100 kHz wide filters at Il.
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The chopped preamp output 1s fed to Box C, where it
is correlated with I and Q versions of the up-converted pilot to
generate the I and Q control signals for the RF weight.

The output from BRux A carrying the 26 dB attenuated ver-
sion of the Box A Reference Input is connected to Box M where (i
1s further attenuated by 20 dB and then down-converted to IF.
The a .tenuation is necessary to avoid generating intermodulation
distertion in the down-converting mixer. The resulting signal,
containing the transmitted slgnal and pilot at LF, farms the
reference inrut for the IF ICS weights. It is provided to the
three IF ICS weights, located in Boxes F, G and H, from output
taps on a cascade of 30 MHz notch filters located in Box E. The
taps are extracted by 3 dB hybrid splitters. Each cstage of noten
filtering is separated by an amplifier to provide isoclation
between the notches and to restore some gain to the notched sig-
nals.

The ocutbuts of she IF T¢S weights are all combined in
Box D, then amplified and combined with the IF Main Input to
effect cancellation at IF. The resulting signal is further
amplified and supplied to Box D', where it is split into two
paths. One path passes through a 100 kHz wide crystal bandpass
filter and cut to an IF AGC amplifier.

The other path, serving as the TF ICS feedback error
signal, is chopped at a 455 kHz rate and split into six outputs,
three in-phase (I) and three quadrature (€). One I output and
one Q outrut =re provided to each of the three identical IF
welght control units (Boxes I, J and K). In these units the I
and Q weight control voltages are generated by correlating the
T and @ IinPuts with the pilot signal obtained from taps on a cas-
cade of notch filters. This notch filter cascade is located in-
Box L and is identical to that in Box E.

The output of the IF AGC amplifier 1is further filtered
by a 100 kHz wide crystal bandpass filter. It is then combined
with the pilot signal in Box M' in a 21 dB coupler.

The combined signal and pilot are up-converted in Box
to the 291.8 MHz RF. They are then amplified to the point where
the transmitted output slgnal is at +30 dBm, and the transmitted
pilet 13 &t 10 AEm.
2. CIRCUIT DIAGRAMS
a. RF Weight and Canceller - Box a

Schematic diagrams of Box A are given in Figures 35 and

36, Flgure 35 shows the resistive networks used to attenuate

the Reference Input, and the hybrid components used for signal
Splitt ing ald combining. Figure 36 shows the schematic details
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of the RF bipolar attenuator, desipgned for low intermodulation
adisit o tEL o

b. RI" Preamp and Down-Converter - Box B

A schematic diagram of Box B 1s given in Figure 37.
Care has been taken to 1solate the RF amplifiler (AH-591) and
the IF amplifier (AH-592) from stray coupling through the +15V
DC power line. The 1nput to the AH-591 is protected by a
Schottky diode limiter, so that if excessive power 1s reflected
at the SFR antenna terminal, it will not destroy the amplifier.

c. RF Welght Control Unit - Box C

Schematic diagrams of Box C are given in Figures 338
through 41. Box C contains five cilrcuit cards. With reference
to Figure 38, the circuitry is subdivided in the following
manner: the first card contains the pilot up-converter, the
two hybrid splitters, and the two correlators (I and Q); the
second and third cards are the synchronous detector/lowpass
filter, I and Q respectively; the fourth and fifth cards are
the bipolar attenuator drivers, I and Q respectively. A test
Jack 1s 1Included between each lowpass filter and driver to
allow the feedback loop to be opened and an external DC welght -
control voltage inserted, or to monitor the DC weight control
voltages under closed-loop operation.

Figure 39 shows a schematie of the correlator. It takes
the form of a diode-quad double-balanced mixer, except that the
dlodes are bilased with a low DC current to maintain linearity
with respect to both inputs without sacrificing sensitivity at
low 1nput levels. The output 1s at the chopped frequency, U55
kHz .

Figure 40 shows a schematic of the synchronous detector/
lowpass filter. The 455 kHz input from the correlator is stepped
up 1in voltage in a tuned transformer, amplified in a pA733 video
amplifier, and further amplified in a CA3100 wideband op amp.

It 1s synchronously detected against the 455 kHz chopping signal
by the combination of a CDU016D analog switch and a CA3100 op
amp, in which the analog switch alternately puts the op amp in
the unity gain inverting mode and the unity gain noninverting
mode. A T4l op amp 1s then used as a lowpass filter to esta-
blish the open loop feedback time constant of 1.5 seconds.

Figure 41 shows the schematic of the driver for the RF
bipolar attenuator. A 741 op amp is used as an input buffer,
after which the driving voltage 1s split into two paths, one
the inversion of the other. These voltages are converted non-
linearly Inte _the: dnlve currentey . ilg @nd. Ip; reguired by -the
bipolar attenuator to maintain low intermodulation distortion
over the range of attenuatlion while maintaining linear control
of the RF output voltage. The crossover currents, where Ig=Ip
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VALUL
COMPONENT
HF CORRELATOR  IF CORRELATOR
Cc1 300 pf 1000 pt
Cc2 Ao uf A5 uf
3 A5 uf 15 uf
Cc4 A5 ut A5 uf
c5 300 pt 1000 pf CR1 - CR4 ARE FAIRCHILD FH1100
cé A5 uf A5 uf
c? 300 pf 1000 pf
5.6K
e +15 V
g ik
CA1 =
o
LE' CR2 g
| K o
| |
BT Lo 1% €2 i 8 CHOPPED
| ERROR
INPUT | % 9 LIGHT
c1
2 I3 i
% 7
+ | x |
: L i
f CRA
—Hh3-
CR4
=il
ey 5.6k
- AAA——— 15V
I
ca Cs 220
& | O
455 KH./ = = T
OuTPUT
FIGURE 39
SFR RF AND IF CORRELATORS

(USED !N RF AMD IF WEIGHT CONTROL UNITS)
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and the attenuatlon 1s greatest, are sef by the two pot adjust-
ments. The nonlinear characteristic of output: current vs input
voltage, which compensates for the coritrol nonlinearity of the
PIN diode bipolar attenuator, 1s determined by the diode-resistor
networks in emitters of the two current source transistors.

The resulting linearization of the overall control 1is shown In
Figure 42.

d. TIF Canceller and Error Signal Distribution - Boxes D and D!

Figure 43 gives the schematie diagram of Boxes D and D'.
In Box D the I outputs and Q outputs of tlie three IF ICS weights
are combined using a single quadrature hybrid combiner for all
three welghts. The combined weight outputs are amplified, com-
bined with the main IF input from Box B for cancellation, and then
further amplification provides the output to Box D'.

The input to Box D' is split into two paths. The upper
path is amplified, chopped by 455 kHz, and split into three I
and three Q outputc to be used as chopped error signal inputs
to the IF ICS correlators. The lower path is passed through
a two-pole crystal filter with L-C impedance matching networks
at its input and output. The input matching network is enclosed
in a copper can to prevent it from radiating out-of-band signals
around the crystal filter into the output network.

e. Noteh Fll%er Ghalins, Boxes E amd L

Figure 44 gives a schematic diagram of the notch filter
chains in Boxes E and L that provide the tapped outputs of
tandem notch filters. The inductors L1 and L» are high-Q compo-
nents, made by winding 22 turns of #30 wire on a Micrometals
#T30-6 ferrite toroid. The resulting 3 dB bandwidth of the notch
filters is 2.1 MHz, and the notch depth is 20 dB. Several passive
notch filter configurations were tried, and this one gave the
narrowest bandwidth with the same notch depth.

f+ IF Welght Assamblies; Bexes Fy, @, H

As shown in Figure 45, the three identical IF weight
assemblies in Boxes F, G and H consist of an in-phase power
splitter and two bipolar attenuators, one for the in-phase (I)
component and one for the quadrature (Q) component. The
schematic diagram of the II bipolar attenuators is given in
Figure 46. It is similar in form to the RF bipolar attenuators
drawn in Figure 36, but intermodulation distortion is less impor-
tant because the IF bipolar attenuators are operating at input
levels at least 38 dB below the RF bipolar attenuator input level.
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FIGURE &2

| RF BIPOLAR ATTENUATOR-DRIVEF: CHARACTERISTIC:
DETECTED RF OUTPUT VOLTAGE VS INPUT CONTROL VOLTAGE
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- IF Weight Contrel Unlte,; Boxes I, J, K

Boxes I, J and K contain three identical control units
for the IF weights. A block diagram of these control units is
given in Figure 47. These units are buillt in a fashion very
similar to that used in the RF welght control units discussed
¢afller. There are five circult ecards. The first contains the
power divider and two (I and Q) correlators, whose schematic
is shown in Figure 39. The second and third cards contain the
I and Q synchronous detector/lowpass filters, whose schematic
is shown in Figure 40. The fourth and fifth cards contain the
I and Q bipolar attenuator drivers, which are each preceded by
a test jack for monitoring the DC control voltages and for in-
serting external DC voltages under open loop test conditions.

Since the IF bipolar attenuators are slightly different
from the RF ones, their drivers are slightly different as well.
A schematic of the IF bipolar attenuator driver is given 1in
Figure 48. 1Its operation is basically the same as that of the
RF bipolar attenuator driver of Figure 41. The difference
between the two lies in the resistor values used in the resistor-
diode network on the emitters of the I and Ip current source
transistors that compensate for the control nonlinearity of the
bipolar attenuators. The 30 MHz attenuator output voltage wave-
form 1s shown in Figure 49 as a function of a sawtooth driver
input waveform.

h. IF AGC Amplifier

The IF AGC amplifier 1s used to provide gain at IF with
AGC action through a peak detector. This keeps the final trans-
mitted output power at 1W so that multichannel inputs are relayed
with the same relative power. The IF AGC amplifier is manufactured
by RHG Electronics Laboratory, Inc., Model #EST3002. TIts per-
formance 1s summarized in Table 4.

1. IF Bandpass Filter and Pilot Distribution System, Box M'

A schematic diagram of Box M' is given in Figure 50.
The AGC amplifier output is bandpass fiitered in box M' in a two-
pole crystal filter of 100 kHz bandwidth at 30 MHz, with L-C
input and output impedance matching networks. Thc same type of
filter is used to constrain the spectrum of the pilot signal
before 1t is split and combined with the transmitted signal in
Box M'. The pilot 1s used as the reference input in the RF and
IF ICS correlators.
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FIGURE &9

IF BIPOLAR ATTENUATOR-DRIVER CHARACTERISTIC
IF QUTPUT VOLTAGE VS INPUT CONTROL VOLTAGE
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Table

IF AGC Amplifier

(RHG #EST3002) Performance Characteristics

Center Frequency

3 dB Bandwidth

Maximum Power Gain

1 dB Compression Point
Maximum Saturated Power Out
Noise Figure

Max. Voltage Gain (AGC loop)
Maximum Voltage Out (video)

Voltage Required for
60 dB of AGC Range

AGC Time Constant

AGC Compressien Ratio
Rise Time

Power Required

30 MHz
2.8 MHz
83 dB

+15 dBm
+20 dBm
1.8 5B
103 dB
7.4 v p-P
-4.65 Vv

15 us
60 dB/<3 dB
)5 50 1K

+12 VDC at 110 mA
-12 VDC at 45 mA
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J. Signal Up-Converter, LO Distribution and Reference
Down-Converter, Box M

A schematic diagram of Box M is given in Figure 51.
The 30 MHz IF input is up-converted by mixing it with the 261.8
MHz local oscillator to the 291.8 MHz RF. It 1is then bandpass
filtered in a two-section L-C tilter and amplified by 12 dB.
The 12 dB amplifier is followed by a 30 MHz noteh filter to

reject the IF, and a delay line notch filter with a null at
231.8 MHz and a peak near 291.8 MHz to reject the lower sideband.

The LO input is a 261.8 MHz sinusoid at a O dBm level.
It i1s distributed through a network of hybrid splitters, filters,
pads, and amplifiers which are used to prevent signal flow
through the LO distribution network. For example, there are LO
outputs to the pilot up-converter and to the 3ignal down-
converter. LT the pilicf sighsl Fleoms through this path, 1t
reaches the recelver IF input through a path which is not shared
by the transmitted signal. Thus, when the IF ICS adapts to
eancel the pilet, it will Rot. be cancelling the transmitted
signal in the same manner.

The LO is used in two mixers in Box M -- one to up-
convert the transmitted signal, and the other to down-convert
the RF ICS Reference for use as the IF ICS Reference. The LO
1s outputted from Box M for use in two otner places -- in Box C
for up-converting the pilot and in Box B for down-converting
the signal.

k. Transmitter Power Amplifier

The transmitter power amplifier i1s manufactured by
Microwave Power Devices. Inc., Model #LWA055-2. 1Its performance
features are summarized'in Table 5.

£ . 455 kHz Waveform Generator, Box N

A schematic diagram of Box N is given in Figure 52.
The 455 kHz squarewave is generated in a CDYUOHTAE oscillator.
Four outputs are taken directly from the CD4OUTAE to drive the
synchronous detectors in the RF ICS and IF ICS weight control
units. These outputs supply low current levels. Two higher
current outputs are prcvided through Class C buffers at +7 dBm
each to drive the error signal choppers in theRF ICS and IF
LIS <
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Table %

SFR Transmltter Power Amplifier
(MPD #LAA055-2) Performance Characteristics

Frequency Range 5-500 MHz

Power Output +33 d3m, 1 dB compression
+35 dBm, saturated

Third-Order Intercept +43 dBm

Harmonilc Levels -20 dB, max

Galn 38 dB, min

dain Flatness £] 1 0B

Noilse Figure & dB

Input Power +24 ypc, 1.65 amps
103
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SECTION VII

EXPERIMENTAL. RESULTS WITH THE SFR BREADBOARD

Tests were conducted on the SFR breadboard which were
almed at cstabllishing the following princlples of operation:

1) Pilot direction of an ICS 1s valid and can be used in an
SR .

2) An IF ICS can further improve the cancellation of an RF
ICS and thus improve the forward gain of an SFR.

3) A multichannel notch-filter ICS can be used to improve
broadband cancellation performance and SFR forward gain.

4) The ICS is applicable to an SFR to increase forward gain.

5) The SFR 1s linear and can be used as a multichannel relay.

These operating principles have been experimentally established.
The SFR experiments also have demonstrated the performance limi-
tatlons in the present breadboard and point out the need for
further improvements.

1. PILOT DIRECTION AND CAL3CADED ICS'S

The RF ICS by itself provides 40-45 dB of cancellation,
both on the pilot and on the coupled transmitted signal., The IF
ICS (single channel) provides an additional 43 dB of cancella-
tion beyond that on a CW pllot. The shape of the resulting IF
ICS cancellation notch, however, 1s very narrow, producing
great variations 1n the transmitted slgnal cancellatlon as a
function of its location in the 100 kHz transmission band. The
same freguency-dependent cancellation performance 1s noted on
an FM pllot (100 kHz wilde), where the band-center cancellatilion 1s
deep, but the band-edge canceliation 1s only 5 dB down from the
RF ICS cancellatlon. If a trensmitted signal 1§ addéd to the
pilot, 1ts cancellatilon specPrumFollowswthat of The pllob.

The cancellation performance described above is 1llus-~
trated in the photographs of Figure 53. The photographs show
the FM pilot at the output of ‘the -¥¥" LGS, . IThe uppbeEr‘phete 1=
with the RF and IF cancellatlon disabled, The center photo 1s
with only the RF ICS operating. The lower photo 1s with both
RF and IF ICS's operating. It may be noted that the cancellatlon
notch formed by the RF ICS 1s broad, but the IF ICS notch
is narrow, accounting for the degraded cancellatlon at the band

edges.

A narrow cancellation notch 1s caused by imperfect match
of the phase and amplltude vs frequency characterlstics between
the circuitry along the main 1lnput and along the reference input,
Correction of a phase mlsmatch was attempted by adjusting cable
lengths both at the IF ICS inputs and at the R+& ICS 1nputs, but
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HORTZONTAL SCALE:

20 KHzZ/D1V

30 MHZ CENTER LINE
VERTICAL SCALE:

10 DB/D1V

-10 DBM TOP LINE

UPPER PHOTO: RF AND IF
ICS'S DISABLED

CENTER PHOTO: RF ICS
ONLY ENABLED

LOWER PHOTO: RF AND IF
ICS'S ENABLED

FIGURE 53

CANCELLATION CHARACTER-
ISTICS OF RF AND IF ICS'S
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no Improvement was gained. It has been concluded that the mis-
match problem must be in amplitude, but further diagnosis and
correction has yet tu be done.

2. MULTTHANNEL NOTCH FILTER ICS

The IF ICS was designed as a three-channel notch filter
ICS. It has the capability of improving brozdband cancellation
performance over that of a single-channel ICS when non-flat
amplitude or phase vs frequency characteristics 1imit the can-
cellatlion bandwidth as 1s the case here. The implementation of
the notech filter ICS in the SFR breadboard, however, was found
to be ineffective with a signal as narrowband as 100 kHz. That
is, the three-channel ICS performance was the same as that of
the sinele-channel ICS.

T2sts were run on the three-channel IF ICS alone to de-
monsgtrate 1iis operating principles. The tests were conducted
using a €00 kHz bandwidth FM test signal at 30 MHz, which repre-
sents the SFR pllot. Boxes D, D', E and L (see Figure 33) of the
ICS breadboard were used in the test setup shown in Figure 54. The
performance results are shown in the photcgraphs of Figure 55.

Each photograph in Figure 55 shows four traces, labelled

0, 1, 2 or 3. The label number represents the number of notch
filter channels activated, with 0 referring to no cancellation

t all. 1In Figure 55a, where there is little delay batween the
ICS inputs, the cancellation with one channel is good to begin
with, so that the addition of the second and third channels causes
only slight improvement. As the delay is increased in Figures
55b and 55c¢, the improvement offered by the second and third
channels is far more signifiecant. In. fact, In Figure 55¢, the
single-channel ICS provides no cancellation at the band edges,
but the three-channel ICS provides at least 40 4B of cancellation
across the bana.

The not¢h filters used in the IF ICS are of the L-C type,
using ferrite toroid cores to obtain a high-Q inductor. Even
30, the Q 1s not high enough to allow the last expression of
Equation (68) to be satisfied when the signal bandwidth is 100
kHz . With a 60) kHz bandwidth, the notch filter operates as
desired. Further improvement in the notch filter design to
provlide a narrow notch bandwidth without sacrificing notech depth
will allow operation with a 100 kHz bandwidth, but such improve-
ment requires an approach other than a serles or shunt tank
GEE s, The analysis of Appendix A shows that in these two
configurations the product of the notch depth times 1ts band-
wldth 1s a constant determined by the center frequency and
the unloaded Q of the inductor.

107




SINIWIHNSVIW IONVINHO4HIH SOI 43174 HI1ON HO4 A3SN dni is 1S

BN

vS 3HNOI4
HIZAMYNY
[9] 1ndino o1  WNH1D3ds
S 4101 21
XINOH1MI)
OF0E Avs
10714 A1 M\
. J0Hd H3LTId HOLON L0714 DL O \w
ar o
THIN DY
ME “HIN 01 wgp g
THN DE = 'DIH4 I INID
TR HOLYHINID
IWNDIS
Twnois | M i vzol
NOLNOOH
0FOE AWM
IONIHISTH 4
m_ I0Hd H3L V4 HOL 0N 43H 01 O - \\‘W\
aprg

L AVIIO 3WIL
18vD xyoy ok dM

YNNG
E L0ty NIV 5D 41 1) OlIIDI—l_!:I:l.é

IMi
AN ke
11Wis M)

HALLIMHS HIMOG 1-Z-35Z TOW H

108




109

(A

VERTICAL SCALE:

~10 DBM ToOP LINE,
10 pB/D1V
HORIZONTAL SCALE:

30 MHZ CENTER LINE,
200 KHZ/D1V

(B)

¢

FIGURE 55

SPECTRUM ANALYZER PHOTO-
RAPHS OF NOTCH FILTER
ICS PERFORMANCE



The multichannel noteh filter 1CS was also tested in cag-
cade with Lhe RI* ICS, as required in the SFR design. In order
to use a 600 kHz wide pilot, the 100 kHz wlide crystal fllters
were bypassed. The test setup used is illustrated in Figure 56
with the SFR 1oop opened at port 5 and monitored there. Figure
57 gives a sequence of spectrum analyzer photographs taken at
the IF ICS output showing the progressive reduction (improvement)
of cancellation residue with the use of the RF ICS, the first
channel of the IF ICS, the second channel of the IF ICS, and the
third channel of the IF ICS.

It was noted that both the welght and correlator notcn
filter chains exhlbited a spectral component at the LO frequency
(261.8 MHz) which gets progressively stronger proceeding along
the chain. This is due to a small amount of LO leaking through
the downconverter, into the inputs of the notch filter chain and
being amplified by the broadhand amplifiers but not being notched
by the fllters. The result is that this LO component interferes
wlth the operation of the IF ICS contPel loops by a progressively
increasing amount. This effect 1s negligible in the first loop,
noticeable in the second loop, and strong in the third loop.
Lowpass filters were incorporated at the inputs to both notch
filter chains in order to obtain the photos in Figure £7; blat
they did not eliminate the problem. Because of this problem, the
multichannel notch filter IF ICS did not provide as much can-
cellation when cascaded with the RF ICS as it did when tested
alone.

ET FORWARD GAIN MEASUREMENTS
a. Test Setup

Forward gain measurements were made on the SFR bread-
board using the equipment arrangement shown in Figure 56, The
IF crystal filters limited the pllot and signal bandwidths to
100 kHz. Because the multichannel IF notch filter ICS with a
100 kHz signal bandwidth does not enhance the single-channel
performance, only a single channel was used.

The coupler and pads withlin the dashed region are used
to permit the application of a simulated received signal to the
repeater input. The repeater output 1s then examined directly
at (2), after attenuation to a safe power level for the spectrum
analyzer.

The repeater signal path 1s shown by the heavy line on
Figure 56. The incoming wave, incident on the antenna coupler,
enters port 2 and is coupleédito pors Liiwith 6 4B eeupling LOISE.
It passes through variable attenuator #2 and enters the RF ICS
weight assembly A , where an additional 3 dB loss occurs. The
signal is amplified and down-converted to a 30 MHz intermediate
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IPenuency In B, with 15 4B overall gain. The IF sipnal [asses:
through the I Iog welmht, combiner, error processor and the

T amplirler, where variable attenuator #1 18 used +o adiiust the
Forward gain of ths repeater. The AGC action of tho I amplirier
was disabled for this test. The repeater frequency response is
established by the 100 kHgz 3 dB bandwidth eiyestal Tilter FtVtHe
output of the IF amplifier. The signal 1s then up-converted to
the oripginal carrier frequency, amplified by the MPD LWA 055-2
linear power amplifier, and leaves the repeater through the main
line of the antenna coupler.

The repeater forward bower gain 1s calculated from the
fFains of the individual blocks to be

Gp = -6_L2-3+15+5-L1+6u-2+3+uo w106 = (L1+L2) dB (147)

where L; and L, are the attenuator insertion losses in dB. 1In

the experiments that follow, Lo = 5 dB was maintained so that the
forward gain is glrern By

Gp = 111 - Ly (dB) (142)
: The repeater forward galn 1s determined experimentally

by application of a CW signal at port (1) and measurement of

the resultant output power at (2).. The leoss ofn the input signal

from (i) to the SFR antenna port 1is 13 dB. The loss on the output

signal from the SFR antenna port to (2) 1s 23 dB. Thus, with GT

the insertion gain from (1) to (2), it follows that the SFR for-
ward gain is

% 14
Gp = Gy + 36 (143)
where both Gy and Gr are in dB.

b. Forward Gain Measurements

The purpose of this test is to determine the maximum
possible forward gain that can be used without repeater insta-
bllity due to closed loop feedback via the antenna network. In
this case, the output-to-input coupling is primarily due to the
finite antenna coupler isolation between ports 1 amd 1', (The
insertlon loss between these ports was measured as 22 dB.)

It was found that, with no desired recelvedsilgnal present
and both RF and IF cancellers disabled, oscillation developed when
Ly = 97 dB. With the received signal absent and the RF and IF
cancellers operating, L could be decreased to 44 dB before the !
repeater osclllation started, so that the RF and IF cancellers i
provlde at least 53 dB of isolation across the 100 kHz band.
From Equation (142) the achievable forward gain is

G 67 dB (144)
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A ~16 dBm CW sigrnial at 261,77 MHz was then connected at
port (1) (-31 dBm at the SFR antenna input). It was found “hat
Ly could be decreased to 58 dB before osclllation started, four
which the signal output power measured at point (g) = 0 odEm
(+25 dBm at the antenna coupler output). The forward gein of
the repeater is found from (143) to be

GF = 54 4B (1=35;

a 39 4B improvement over the maximum pcssible forward gain when
the RF and IF cancellers are not used.

Spectrum analyzer Photographs are shecwn 1in Figure 58 of
a CW pilot anid 5 lew power output CW desired signal with the
SFR on the verge of oscillation. The upper photo shouws the spec-
trum at the SFR output (port 2), and Figure 58B shows the IF
spectrum at port 3. The pllot at screen center has been EEEat i
reduced by the RF and IF ICS's relatlive to the desired signal.
The left edge of the 100 kHz wide passband in both photos shows
a highly peaked response, indicating that oscillation is immi-
nent. The onset of oscillation occurs a2t a band-edge frequency
where the degradation of ICS cancellation from that of the band-
center pilot is most severe.

I was also determined that as the signal input was

uced from -18 dBm, the achievable forward galu increased from
54 dB to 67 dB, with the output power at point (2) remaining at
0 dBm. Investigation of this effect revealed that when the eutpur
power at point Cg) reachsd O'dBm, dits corresponding .5 dBm level
at (4) was found to be coupled into the pilot path to the ICS
correlators, A level of -15 dBm at point (M) was found to pro-
duce a level of -60 dBm at the correlator inputs. This level
was sufficient to overcome the pllot eontrol of the IC%'s &nd
anything higher causes them to abruptly cease cancelling., Vith
increased isolation to prevent this effect, it is expected that
a forward gain of 67 dB would have been measusred .or any output
level up to ‘the design goal of +30 dBm.

d

Another stray coupling problem was found which is a
potentlal limitation to forward gain, It 1s caused by stray
coupling of the pilot signal through the LO distribution network
into the receiver IF. It appears at the output of Box B 80 4B
lower than 1ts level at the pilot input of Box M (see Figure
34). Filtering has been added in Box M to provide isclation,
but an additional 30 dB of isolation is required to achieve
full forward gain. The coupling of the pilot into the receiver
IF would cause the  IF ICS to lose cancellation on the trans-
mitter signal in 1ts attempt to cancel the pilot, since the
transmitter and pilot signals then would not follow identical
paths from the SFR's transmitter to the TR TEa Lt
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100 KHZ
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SFR RF
OUTPUT
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[ I
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OSCILLATION PILOT SIGNAL
RESPONSE
FIGURE 58

SFR SPECTRA AT ONSET OF OSCILLATION
(RF & IF, ICS CONFIGURATION)
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4. REPEATER LINEARITY

The test setup used for forward gain measurement was
also used to demonstrate the repeater linearity, A second tone
was combined with the test used to measure forward gain, separ-
ated from 1t by 25 kHz and 6 dB below it. The same forward gailn
performance was found as for the single input case, and the two
output tones were retransmitted with the same 6 dB ratio, In-
band third order intermodulation products between the two tones
were in excess of 30 dB below the lower level tone.

5. SUMMARY OF EXPERIMENTAL RESULTS

The experiments described above have demonstrated the
operating principles on which the SFR design 1s predicated,
They also have uncovered some problems in the breadboard imple-~
mentation which neegd to be corrected for the SFR to operate <4
designcd. These problem areas are: bandwidth limitations in
the IF notch filter ICS which prevent its effective performance
with the 100 kHz repeater bandwidth; stray coupling of the IF
transmitted signal into the pilot distribution network which
degrades the pllot-directed cancellation in both the RF and IF
EC3's; and stray coupling of the pilot into the receiver through
a path not shared by the transmitted signal, namely through the
LO distribution network.

The experiments have shown, however, that the SFR oper-
ating principles are valid. Forward gain has been measured to

be as large as 67 dB; and with modifications to the breadboard,
forward gain in excess of 100 dB appears to be achievable,
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SECTION VIII

RECOMMENDATIONS FOR FURTHER WORK

The experiments on the SFR breadboard have uncovered
areas in which further work is needed. They are: 1isolation to
prevent coupling of the transmitted signal into the pilot dis-
tribution network, isolation to prevent coupling of the pilot
signal into the receiver IF via the LO distribution network,
and narro'.ing the notch filter bandwidth in the IF ICS without
sacrificing notech depth. Recommended approaches for solving
these proble~s are outlined in the subsections below.

Follicwing these circuit modifications, further laboratory
tests should be run to establish the new performance levels. At
that point it is recommended that field tests be conducted on
the SFR with a real antenna in a real terrain environment.

1. ISOLATION IN THE PILOT DISTRIBUTION NETWORK

The pilot distribution network, contained in Box M' (see
Figure 34), consists of a three-way splitter and a directional
coupler which combines the Filot with the IF transmitter signal.
It 1s the coupling of the IF transmitted signal into the ICS
correlators through the isolated directions of the directional
coupler and the three-way splitter that causes the problem.
Additional isolation may be obtained by inserting an isolation
amplifier between the three-way splitter and the directional
coupler, and by shielding this isolation amplifier, three-way
splitter, and pilot crystal filter from the IF transmitter signal.
Filtering would not be an effective means of i1solation because
the spectra of the transmitter signal and the pilot overlap.

2. ISOLATION IN THE LO DISTRIBUTION NETWORK

Much has already been done in the LO distribution nets
work with filters and isolation amplifiers (Figure 51) to prevent
the pllot from finding its way through the network and across
mixers into the receiver IF. The principle courling paths are
now by radiation around the isolation amplifiers and filters.

The LO distribution network should be laid out anew to incor-
porate RFI shielding that will allow the lsolation amplifiers
and filters to be fully effective. In addition, higher-isolation
mixers should be substituted in the breadboard for the ones pre-
sently in use.

3. NOTCH FILTER IMPROVEMENT
The design of the notch filters preseritly in use in

the IF ICS represents a compromise between narrow bandwidth and
notch depth. As shown in Appendix A, for the commonly used L-C
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series resonant, or shunt resonant notches, thls tradeof{ 1z con-
stralned ty the unloaded Q of the notch component:. The hilghest
@ components available were used in these circults. The Improve-
ment needed is a reduction 1in notech bandwidth by a factor of six
wlthout degrading the notch depth. In elther of these two con-
Flgurations, unloaded Q's of 1000 would be required.

Crystal notches have been considered, but thelr bandwid-h
is too narrow. 1In addition, a single-pole crystal notch usually

Co &

has spurious responses rear the notch center which would distore<
the spectrum.

There are means of using the L-C components in circuit
configurations that remove the dependence of notch depth on
component Q. One such approach is a Q-multiplier circuit which
in effect presents a negative resistance to cancel out most of
the component loss resistance. Once the negative resistance 1is
set, the notch depth then becomes dependent only on the varia-
tlons in component Q (with environment, age, etc.). Howewver,
if the variations cause the component Q to become too large, the
¢iroult will oselllate.

Another approach that trades the dependence on coiiponent
Q to dependence on Q variations is 1llustrated in Figure 59. The
notch is implemented by forming the difference between the input
signal (slightly attenuated) and a narrow bandpass version of the
input signal. The attenuator is adJusted to equal the center
frequency attcnuation of the resonator, so that the center fre-
quency transmission of the circuit is zero, equilvalent to an
infinite notch depth. Variations in the component Q in the band-
pass resonator will then degrade the notch depth, but the circuis
will not become unstable. This approach 1s the one recommended
for improvement of the SFR breadboard.

The differential amplifiers used in the notch filter
chains should be tuned at 30 MHz so that low level LO componens
at 261.8 MHz and other spurious signals are rejected insteszd ~°
amplified. This bandwidth 1s not critical, as long as it iz

much greater than the notch bandwidth.
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SECTION IX
SUMMARY AND CONCLYSIONS

The concept of a pilot-directed multichannel notch
filter interference cancellation system (ICS) has been developed
to provide transmitter-to-receiver isolation in a same-frequency
repeater (SFR). Laboratory experiments have been described which
verify the operating concept.

A detalled analysis of t..c performance of a ocne-channel
and a two-channel notch filter ICS has bewsn performed. Limika-
tions on the achlevable transmitter-to-receiver isola“fon »ave
been guantified for the effects of slgnal returns from the
antenna, returns from specular reflectors, and returns from
distributed ground clutter. Extrapolation of these results 4o
a three-channel notch filter ICS indicates Th&t-with & 100 KHE
bandwidth at a center frequency of 300 MHz, close to 120 dB of
lsolation 1s theoretically achievable. The returns from distri-
buted ground clutter appear to be an irreducible limitation for
a ground-based SFR.

A breadboara has been designed with a 100 kHz bandwidth
at 291 My, .or which forward galn up to 120 dB can be tested.
It 1ncorporates a pilot-directed single-channel ICsS
at RF £nd a pllot-directed three-channel notch filter ICS at IF.
The minimum signal level i1s -90 dBm, witn a dynamic range of 69
d3. The signal-to-noise ratio in the SFR for the minimum signal
1s +17 dB in a 100 kHz bandwidth. The SFR output power is 1 wast
PEE »

Methods for implementing a highly linear complex welght
circult for use in the ICS have been lnvestigated. A comrlex
welght circult has been developed which will keep in-band dis-
tortion products generated in the welght at least 20 dB telow
the minimum level signal to be relayed.

Experiments with the SFR breadboard have demonstr
the following principles of operation on which the design
i1s based:

1) Pilot direction of an ICS 1is valid.

2) An IF ICS can further improve the cancellation of an RF IZS.

3) A multichannel notch filter ICS can be used to improve broad-

band cancellation performance.

4) The ICS is applicable to an SFR to get forward gain.

5) The SFR 1s linear and can be used as a multlichannel relay.
The SFR experiments also have demonstrated the performance limi-
tatlons in the present breadhoard, pointing out areas where
Improvemerts are required and critical deslgn points for future
SFR designs. :
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The experimental results indicate that special care must
be taken to prevent strong signals in the SFR transmitter circuilts
from leaking into the SFR receiver's circuits. Specifically,
the pilot reference to the ICS correlators must be clear
of transmitted sigral components or ICS performance will suffer,
In addition, the p'lot added in the transmitter must be prevented
from coupling into the recelver by any path not shared by the
transmitted signal, or operation of the ICS's by pilot direction
will not optimize transmitted signal cancellation.

The multichannel notch filter ICS has been shown to be
a powerful tool for obtaining broadband cancellation performance,
but the design of the notch filters 1is closely dictated by the
bandwldth of the signal (or pilot) to be cancelled, The design
used in the breadboard worked well with a 600 kHz bandwidth, but
provlided no improvement for the 100 kHz bandwidth in the SFR
breadboard.

Without stray coupling problems, the SFR breadboard was
shown to attain forward gains up to 67 dB. Had the notch filter
ICS worked with 100 kHz bandwidth as it did with 600 kHz band-
width, a minimum of 35 dB more isolation would have been achieved,
allowing a forward gain in excess of 10z dB.

The modifications to the breadboard in the areas of notch
filter design and elimination of stray coupling paths that are
needed to attain this level of forward gain have been outlined.
Further performance refinements may then be possible to push the
forward gain capability to 120 dB. The SFR breadboard should
then be fileld tested, where natural reflecting terrain will pro~
vide a far more realistic performance test than can be accom-
plished in the laboratory.
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APPENDIX A

L-C NOTCH FILTER ANALYSIS

1. INTRODUCTION

In this appendix two commonly used notch filter confl-
guraticns are analyzed to determine the trade-off between the
depth of the notch and 1ts bandwildth. The two configurations,
@ resonant cilrcuit in series with the load and a resonant clr-
cult shunting the load, are shown 1in Figure 60. The analysils

is conducted with g general source resistance and load reslstance,

SO that the results can be used whether impedances are matched
OrERNeE%

2. RESONANT CIRCUIT IN SERIES WITH LOAD

23]

om the circuit in Figure 60A, 1t may be seen +hat the
4+

loaded Q of the tank circuit 1s given by

St RII(RS+RL) : R(Rg+R, ) el
L waL wOL(R+RS+R£7
while the unloaded Q 1is given by
= (14T
QU._ R/(*')OL‘ N |
Thus, we have
QL/QU = (RS+RL)/(R+RS+RL) (148

The voltage attenuation factor in the center of the
notcl., normalized to the out-of-band attenuation cactor, le
given by

RL/(R+RS+RL) RS+RL

o = b e - (145

RL/(RS+RL) R+RS+RL

Thus, for (148) and (149) we have
a = QL/QU (180}
3. RESONANT CIRCUIT SHUNTING THE LOAD

From the circuit in Figure 60B, 1t may be seen that the
loaded Q of the tank circult 1is given by

wAL wAL(Ro+R, )
L +ROIIH“ S (g +RS)+§ R (151)
THglin,  P(Rg*R; J+RgR
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EQUIVALENT INDUCTOR
SHUNT RESISTANCE

SOURCE R
RESISTANCE ,
e ASAA B =
g c( | LOAD
N R, RESISTANCE
SOURCE (A
.[
L - |
FIGURE 60A

RESONANT NOTCH IN SERIES WITH LOAD

SOURCE
RESTSTANCE
Rg
. ....._W\/\,_.... " e _,I T BT g r
4y
SOURCE /= LOAD
C:“ L RL  RESISTANCE
;
EQUIVALENT
INDUCTOR !
SERIES ; ,
RESISTANCE i |
FIGURE 608

RESONANT NOTCH 3HUNTING THE LOAD
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while 1ts unloaded Q lg glven by

Qy = wyl/e (55
Thus, we have i )
r
U/ = R +RR§+2LR‘ (22,
8 "L SUL
The voltage attenuation factor in the center of the
;gziz,tiormalized to the out-of-band attenuation factor, is
- Sl o T
L & a i e L 5L
Thus, for (153) and (154) we have
o« = Q/q; (15%5)

4. CONCLUSIONS

Both the series and shunt resonant notch filter confi-
gurations have the same trade-off between notch bandwidth and
notch depth. If By is the 3 dB bandwldth of the notch and £y
is 1ts center frequency, we can write

QL = f‘O/BN (1863
The trade-off in Equations (150) and (155) may then be written 2as
aBy = fO/QU (458

This result shows that the product aly 1s a constant which is
independent of the source and load resistance.
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ACRONYMS AND PRINCIPAL SYMBOLS
magnitude of the signal returned from a particular
reflector relative to the transmitted signal strength
repeater bandwidth
two-sided 3 dB bandwidth of the SFR antenna
two-sided 3 dB notch filter bandwidth

bandpass filter

expansion of Hn(f)

free space Propagation velocity = 3x108 meters/second
device under test

IAC/DC = PIN diode distortion factor

numerical value of the receiver noise figure
numerical value of the noise figure of the first gain
stage in the receiver with the Preceding losses
included.

numerical value of the noise figure of the first gain
stage 1in the receiver without including the preceding

losses

numefical value of the noise figure of the second
gain stage in the receiver

numerical value of the noise figure of the third gain
stage in the receiver.

RF carrier frequency

numerical value of the SFR antenna gain in the direc-
tion of a particular reflector

gain constant of the i-th feedback control loop in
the  LOS

numerical value of the gain of the first gain stage
in the receiver
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GLOSSARY [continued]

[ = numerical value of the galn of the second gain stage
‘ In Lthe recetlver

equivalent lowpass transfer function of trancmitser-

Ho(w) Ho (f)
to-receiver coupling channel

Hy(w) ,Hy (£)

[
2.4

= equivalent lowpass transmitter-to-receiver trans<z»
function presented by the N-channel ICS

HON(f) = Hc(f)+H (f) = equivalent lowpass composite transmitter-
to-recelver transfer function resulting from the com-
bined effects of the coupling channel and the N-channel
ICS

h = coefficlent of the 1-th term of the power series expan-

iN
FLOW o JHoec i)
ON

IAC = RF current in PIN diode

IDC = DC bias current in PIN diode

e = Interference cancellation system

Kl = constant relating PIN diode resistance RO to 1ts bias
CUREETiE y 1@

DC

I, = 1nductance in the resonant circuit antenna model

LRF = numerical value of RF losses preceding first gain
stage in SFR receiver

MX-200 = model number of General Atronics two-channel VHF ICS

N = number of channels in an ICS

Ni(w),Ni(f) = filter transfer function in the 1=th ICS channel

NO = -174 dBm/Hz = thermal noise spectral density
PO = output power of SFR transmitter
R = transmitter output resistance
RD = RF resistance of PIN diode
(R/T)N = transmitter-to-receiver isolation provided by an
N=chanmnel "TCS
r = one-way propagation distance to a particular reflector
Smin = minimum received signal power for SFR activation
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GLOSSARY [continued])

Sg(w)

ST((D)
SFR

SNRmin

XTAL BPF

Zin

a

i

]

= Fourier transform of the ICS output waveform to the

SFR receiver
Fourier transform of the SFR transmitter output

same-frequency repeater

signal-to—noise ratlo in SFR receiver for minimum
level recelved signal

value of complex welght in the i-th ICS channel
capacitive reactance of antenna input impedance
inductive reactance of antenna input impedance
crystal bandpass filter

antenna input impedance

numerlcal value of the center frequency depth of
a notch fllter

B/BN
(tan"ly)/y

carrier wavelength

antenna reflection coefficient

radar cross~section of a particular reflector
area reflectivity of ground clutter
propagatlon delay to a particular reflector

propagatinon delay corresponding to the nearest reflector

phase shift of the signal returned from a particular
rellector

azilmuthal angle about the SFR antenna

2nf0 = carriler frequency in radlans/second
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